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ADYERTISEMENT  TO  THE  NEW  EDITION. 


In  the  present  edition,  nearly  the  whole  of  the  elementary 
exposition  of  the  Principles  of  Mechanics  of  the  late  Dr. 
Lardner  has  been  retained,  but  this  portion  has  now  been 
carefully  revised  and  brought  in  accord  with  modern  scientific 
terminology,  wherever  this  was  possible  without  detracting  from 
the  perspicuity  of  the  original.  On  the  other  hand,  portions 
of  the  descriptive  chapters  on  machines,  clockwork,  etc. ,  at  the 
end  of  the  work,  which  have  been  rendered  nearly  obsolete  by  the 
rapid  progress  in  all  modem  mechanical  appliances,  have  been 
cut  out,  and  replaced  by  new  matter,  which  the  editor  trusts 
will  be  found  more  serviceable  to  the  general  reader  as  well  as  to 
the  student  who  enters  upon  a  systematic  study  of  Mechanics 
and  Physics.  With  this  view  many  additional  illustrations,  and 
a  great  number  of  worked  problems  on  the  most  important 
statical  and  dynamical  principles,  have  been  interspersed  in 
the  text,  in  their  proper  places.     The  modem  units  of  force 
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and  work,  and  the  principal  definitions  and  notions  connected 
with  the  doctrine  of  energy,  its  conservation  and  transmutation, 
have  been  explained  and  illustrated  in  a  very  elementary  form, 
suitable  to  intelligent  beginners. 

March,  1877. 
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PEEFACE. 


This  work  is  intended  for  all  who  desire  to  attain  an  accn- 
rate  knowledge  of  Physical  Science,  without  the  profound 
methods  of  Mathematical  Investigation.  Hence  the  expla- 
nations are  stndionsl j  popular,  and  everywhere  accompanied 
by  diversified  elucidations  and  examples,  derived  from 
.  common  objects,  wherein  the  principles  are  applied  to  the 
purposes  of  practical  life. 

It  has  been  the  Author's  especial  aim  to  supply  a  manual 
of  such  physical  knowledge  as  is  required  by  the  Medical 
and  Law  Student,  the  Engineer,  the  Artisan,  the  superior 
classes  in  Schools,  and  those  who,  before  commencing  a 
course  of  Mathematical  Studies,  may  wish  to  take  the 
widest  and  most  commanding  survey  of  the  field  of  inquiry 
upon  which  they  are  about  to  enter. 

Great  pains  have  been  taken  to  render  the  work  complete 
in  all  respects,  and  co-extensive  with  the  actual  state  of  the 
Sciences,  according  to  the  latest  discoveries. 

Although  the  principles  are  here,  in  the  main,  developed 
and  demonstrated  in  ordinary  and  popular  language,  mathe- 
matical symbols  are  occasionally  used  to  express  results 
more  clearly  and  concisely.  These,  however,  are  never 
employed  without  previous  e;cplanation. 
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viii  PREFACE. 

The  present  edition  has  been  augmented  by  the  introduc- 
tion of  a  vast  .number  of  illustrations  of  the  application 
of  the  varions  branches  of  Physics  to  the  Industrial  Arts, 
and  to  the  practical  business  of  life.  Many  hundred  en- 
gravings have  also  been  added  to  those,  already  numerous, 
of  the  former  edition. 

For  the  convenience  of  the  reader  the  series  has  been 
divided  into  Five  Treatises,^  which  may  be  obtained  sepa- 
rately. 

Mechanics     ....     One  Volume. 
Hydrostatics  and  PneuMxItics  .     One  Volume. 

Heat  ....     One  Volume. 

Oftics  ....     One  Volume. 

Electricitt,  Magnetism,  and  Acoustics  One  Volume. 

The  Five  Volumes  taken  together  will  form  a  complete 
course  of  Natural  Philosophy,  sufficient  not  only  for  the 
highest  degree  of  School  education,  but  for  that  numerous 
class  of  University  Students  who,  without  aspiring  to  the 
attainment  of  Academic  honours,  desire  to  acquire  that 
general  knowledge  of  these  Sciences  which  is  necessary 
to  entitle  them  to  graduate,  and,  in  the  present  state  of 
society,  is  expected  in  all  well-educated  persons. 
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BOOK  THE  FIEST. 

PKOPERTIES  OF  MATTER. 


CHAPTER  I. 

UNITS   OF   MAGNITUDE — STATES   OF   AGGREGATION. 

I.  Object  Of  physios. — All  human  knowledge  falls  under 
two  great  departments,  popularly  called  Matter  and  Mind;  phi- 
losophers, further,  employ  the  terms  External  World  and  Internal 
World.  The  organs  of  sense  are  the  instruments  by  which  the 
mind  is  enabled  to  determine  the  existence  and  the  qualities  of 
external  things.  The  effects  which  these  objects  produce  upon 
the  mind  through  the  organs  are  called  sensations,  and  these 
sensations  are  the  immediate  elements  of  all  human  knowledge. 
Matter  is  the  general  name  which  has  been  given  to  that  sub- 
stance which,  under  forms  infinitely  various,  affects  the  senses. 
Metaphysicians  have  differed  in  defining  this  principle.  Some 
have  even  doubted  of  its  existence.  But  these  discussions  are 
beyond  the  sphere  of  mechanical  philosophy,  the  conclusions  of 
which  are  in  nowise  affected  by  them.  Our  investigations  here 
relate  not  to  matter  as  an  abstract  existence,  but  to  those 
qualities  which  we  discover  in  it  by  the  senses,  and  of  the 
existence  of  which  we  are  sure,  however  the  question  as  to 
matter  itself  may  be  decided.  When  we  speak  of  ^  bodies  '  we 
mean  those  things,  whatever  they  be,  which  excite  in  our 
mind  certain  sensations  ;  and  the  powers  to  excite  those  sensa- 
tions are  called  *  properties '  or  *  qualities.'  To  inquire  into  the 
properties  of  matter  is  the  province  of  the  physicist. 
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2  PROPERTIES  OF  MATTER. 

2.  Properftles  of  matter  are  eitlier  Inseparable  or  par- 
ticular.— Upon  reviewing  those  properties  of  bodies  which  the 
senses  most  frequently  present  to  us,  we  observe  that  very  few 
of  them  are  essential  to,  and  inseparable  from,  matter.  The 
greater  number  may  be  called  particular  or  peculiar  qualities, 
being  found  in  some  bodies  but  not  in  others.  Thus,  the 
property  of  attracting  iron  is  peculiar  to  the  loadstone,  and  not 
observable  in  other  substances.  One  body  excites  the  sensation 
of  green,  another  of  red,  and  a  third  is  deprived  of  all  colour. 
A  few  characteristic  and  essential  qualities  are,*  however,  in- 
separable from  matter  in  whatever  state,  or  under  whatever 
form  it  exists.  Such  properties  alone  can  be  considered  as  tests 
of  materiality.  Where  their  presence  is  neither  manifest  to 
sense,  nor  demonstrable  by  reason,  there  matter  is  not.  The 
principal  of  these  qualities  are,  magnitude^  or  extension  in  space, 
and  im/penetr ability, 

3.  Maynltade. — Every  body  occupies  space  ;  that  is,  it  has 
magnitude.  This  is  a  property  observable  by  the  senses  in  all 
bodies  which  are  not  so  minute  as  to  elude  them,  and  which 

[  the  understanding  can  trace  to  the  smallest  particle  of  matter. 
I  It  is  impossible,  by  any  stretch  of  imagination,  even  to  conceive 
f  a  portion  of  matter  so  minute  as  to  have  no  magnitude. 

Sii^^-Q^antity  of  space  which  a  body  occupies  is  sometimes 
called  its  mag?^*^<l®*  ^^  colloquial  phraseology  the  word  size  is 
used  to  express ''j^^**  notion  ;  but  the  most  correct  term,  and 
that  which  we  shah^-  generally  adopt  in  speaking  of  the  magni- 
tude of  bodies,  is  voluTP'^'  T\m%,  we  say,  the  volume  of  the 
earth  is  so  many  cubic  milt??  5  *^®  volume  of  a  room  is  so  many 
cubic  feet. 

The  external  limite  of  the  >s!«^^*^^®  ^^  *  ^^^  ^^  ^^^ 
and  surfaces,  lines  being  the  limite^w  ^^  separate  the  several 
surfaces  of  the  same  body.  The  linearlmhv^  *^^  *  ^^^  ^  ^^^ 
caUed  edges.  Thus  the  Kne  which  sepa^t^^^^^^  ""^  *  ""^^^ 
from  one  of  its  sides  is  called  an  edge.  \  ^ 

Ma^nUude  is  either  linear,  ^^rJkM^  or  solid,  \  ™  distance 
iitn^armo^t^i^e  18  length  or  distance.  Lenath\T+T!  ,!1h 
IS  expressed  numerically  by  means  of  some  u^tN  *  J^* 
adopted  being,  as  a  matter  of  convenience,  smaU  i  ^Z' 
according  to  the  magnitude  of  the  length  or  distan\  t  iZl^ 
expressed.  Thus,  we  say,  the  side  of  thisTeaf  is  sJS 
the  length  of  the  room  is  so  many/e.^  the  distance  w\  \^^ 
to  York  18  so  many  miles.  \ 

SuperJicM  trngmMe,  sometime.  caUed  area,  has  lenA  vTsJ 
breadth.     Its  quantity  is  expressed  by  so  many  sq,uire  i3,    ■' 
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many  square  feet^  or  so  many  square  miles.  Thus,  we  say,  the 
area  of  this  page  of  paper  is  so  many  squa/re  inches,  that  of  the 
floor  of  this  room  so  many  square  feet,  and  the  entire  surface  of 
the  earth  is  so  many  square  rMles. 

Solid  rriagnitude  has  length,  breadth,  and  depth,  height  or 
thickness.  • 

Its  quantity  is  expressed  by  so  many  cubic  inches,  so  many 
ctihic  feet,  or  so  many  cubic  miles.  Thus,  we  say,  the  volume  of 
this  book  is  so  many  cubic  iivches,  the  volimie  of  this  room  is  so 
many  cvhic  feet,  and  the  volume  of  the  terrestrial  globe  is  so 
many  cubic  miles. 

The  solid  magnitude  or  vohmie  of  a  body  is  the  space  which 
that  body  occupies  or  fills. 

The  form,  figure,  or  sha^pe  of  a  line,  surface,  or  solid,  de- 
pends upon  the  relative  position  of  its  parts  or  limits. 

Two  lines  may  be  of  equal  length,  whUe  they  diflTer  in  form, 
shape,  or  figure.  Thus,  the  arc  of  a  circle  and  a  straight  line 
may  both  measure  a  foot  in  length,  while  their  figure  or  shape 
are  different.  Again,  two  lines  may  have  the  same  form  or 
figure,  but  very  different  lengths  :  thus,  the  two  straight  lines 
which  form  the  edges  of  this  page  have  the  same  form,  both 
being  straight,  but  they  have  different  lengths.  In  like  manner, 
two  different  arcs  of  the  same  circle  will  have  like  forms  but 
different  lengths,  and  two  arcs  of  different  circles  may  have 
equal  lengths,  and  will  both  be  curved  and  both  circular,  but 
they  will,  nevertheless,  have  different  forms,  inasmuch  as  the 
curvature  of  one  will  be  greater  than  that  of  the  other. 

Solid  bodies  are  bounded  by  surfaces.  Thus,  a  globe  is 
included  within  its  spherical  surface,  a  cube  is  included  within 
six  plane  square  surfaces. 

iSk*r/ace«  are  bounded  by  lin^.  Thus,  the  surface  of  this 
page  is  bounded  by  four  straight  lines,  forming  its  edges  ;  the 
surface  of  a  circle  is  bounded  by  the  line  called  its  circum- 
ference. 

4.  Frencli  nnits  of  magmitnde  adopted  in  scientlflo  in- 
▼estlffatloiis. — ^More  recently  the  metre  and  its  subdivisions 
are  frequently  used  for  measuring  dimensions,  and  in  scientific 
investigations  this  unit  has  now  been  almost  generally  intro- 
duced. 

The  m^tre  is  very  nearly  the  ^^^  000*^  P^  ^^  *  meridian, 
that  is,  of  a  great  circle  supposed  to  be  drawn  through  the  two 
poles  of  the  earth,  on  the  surface  of  the  latter.  The  metre  is 
divided  into  10  decHmetres,  into  100  centimei/res,  and  into  1,000 
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millimetres.  For  linear,  superficial,  and  solid  units,  we  have  thus 
the  following  table  : — 

Mea^(/res  of  Length. 


Metre 

Decimetre        Centiiqetre 

Millimetre 

I 

lO           «              lOO           = 

1,000 

I            =                 lO           = 

TOO 

I         - 

10 

Measures  of  Area. 

Square 
metre 

Square            Square 
decimetre        centimetre 

Square 
millimetre 

I 

=            lOO        «        IO,CXX)       = 

1,000,000 

I        «              lOO      = 

10,000 

I     « 

100 

Measures  of  Volume. 

Cubic 

Cubic            Cubic 

Cubic 

metre 

decimetre      centimetre 

millimetre 

I      = 

i,ooo    =s      1,000,000      « 

1,000,000^000 

I     =             1,000      = 

1,000,000 

I 

1,000 

It  may  be  useful  to  state  here  that  the  length  of  i  metre  is 
equal  to  39*37079  English  inches. 

The  cubic  decimetre,  when  used  for  the  measiurement  of 
liquid  bodies,  is  called  litre.  A  litre  is  thus  equal  to  1,000  cubic 
centimetres. 

5.  Magmitnde  is  nnllmited  in  its  increase  as  in  its  dimi- 
nution.— There  is  no  magnitude  so  great  that  we  cannot  con- 
ceive a  greater,  and  none  so  small  that  we  cannot  conceive  a 
smaller.  The  diameter  of  the  earth  measures  about  8,000  miles  ; 
but  it  is  very  small  compared  with  the  diameter  of  the  sun,  wliich 
measures  nearly  900,000  miles  ;  and  this,  againj  is  itself  very 
small  compared  with  the  distance  between  the  earth  and  the 
sun,  which  measures  little  less  than  100,000,000  miles  ;  and 
even  this  last  space,  great  as  it  is,  vanishes  to  nothing,  compared 
with  the  distance  between  the  sun  and  the  fixed  stars. 

In  like  manner,  there  is  no  limit  to  the  diminution  of  which 
magnitude  is  susceptible.  There  is  no  line  so  small  that  may 
not  be  bisected,  or  halved,  or  reduced,  in  any  desired  propor- 
tion. Let  p  I  (Jig.  i)  be  a  line  of  any  proposed  length,  as,  for 
example,  the  tenth  of  an  inch. 
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Fig.  I. 


Draw  p  o  at  right  angles  to  it,  and  a  line  i,  lo  parallel  to  p  o. 
Take  upon  this  line  distances 
1,2,  3,  4,  &c.  successively  equal 
to  p  o  ;  the  line  o  2  will  cut  off 
half  p  I  ;  o  3  will  cut  off  one- 
third  of  p  I  ;  o  4  will  cut  off 
one- fourth,  of  it ;  05  one-fifth, 
and  so  on.  Now,  as  there  is  no 
limit  to  the  number  of  equal 
parts  that  may  be  taken  succes- 
sively on  the  parallel  i,  10,  so  there  is  no  fraction  so  minute 
that  a  more  minute  one  may  not  be  cut  from  the  line  p  i. 

6.  Bodies  consist  of  parts. — All  bodies  consist  of  com- 
ponent parts,  similar  in  their  qualities  to  the  whole,  and  into 
which,  as  will  presently  be  shown,  they  are  separable  or  divisible. 
Thus,  a  mass  of  metal  may  be  reduced  to  powder,  by  filing, 
grinding,  and  a  variety  of  other  expedients ;  each  particle  of 
this  powder  will  have  the  same  quahties  as  the  entire  mass  of 
metal  of  which  it  constituted  a  part. 

These  component  parts  of  bodies  are  observed  to  exist  in 
three  distinct  states  of  aggregationy  which  are  distinguished  in 
mechanical  science  by  the  terms  solids  liquid,  and  gdsemis, 

7.  Solid  state. — ^A  solid  body  is  one  of  which  the  component 
parts  cohere  with  such  force  that  it  maintains  its  figure,  unless 
submitted  to  some  action  more  or  less  violent,  by  which  it  wUl 
be  fractured,  bruised,  or  otherwise  changed  in  form.  Thus,  a 
solid  body  laid  upon  a  plane  surface  will  rest  upon  it  in  any 
position,  without  dropping  asunder  by  the  action  of  the  weight 
of  its  component  parts. 

Stones,  metalSf  wood,  are  examples  of  solids. 

8.  Uquid  state. — A  liquid  body  is  one  of  which  the  com- 
ponent parts  do  not  cohere  with  sufficient  force  to  prevent  their 
separation  by  the  mere  influence  of  their  weight.  Thus,  a  mass 
of  liquid  placed  upon  a  plane  will  separate  by  the  separate 
weights  of  its  particles,  and  will  spread  itself  in  a  film,  more  or 
less  thin,  over  the  surface  of  the  plane. 

If  placed  in  a  vessel  within  which  it  is  confined  by  a  bottom 
and  sides,  it  will  flow  into  all  the  inferior  parts  of  the  vessel, 
and  its  surface  will  become  level ;  for  if  any  part  of  such  sur- 
face were  more  elevated  than  another,  the  particles  forming  such 
elevation  wovdd  fall  down  by  their  own  weight  to  the  level  of 
the  others. 

9*  Bifference  between  liqnid  and  pnlverised  state. — 
SoUds  in  a  state  of  pulverisation  must  not  be  confounded  with 
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liquids,  in  the  properties  of  which  they  do  not  participate.  Sand 
or  dust  consists  of  a  great  number  of  small  solids,  each  of  which 
has  the  qualities  of  a  solid  as  definitely  as  the  largest  mass  of  rock. 
If  such  particles  be  examined  with  a  microscope,  they  will  be 
found  to  have  different  forms,  to  be  bounded  by  surfaces  and 
ines,  and  to  maintain  their  figure  in  virtue  of  cohesion. 

lo.  OaseouB  state. — A  body  in  the  gaseous  or  aeriform  state 
is  one  whose  component  particles  not  only  are  not  held  together 
by  mutual  cohesion,  but  appear  to  exert  against  each  other  a  re- 
pulsion, in  virtue  of  which  they  wiU  separate,  so  that  the  whole 
mass  has  a  power  of  expansion  to  which  there  is  no  known  limit. 

Atmospheric  ai/r  is  the  most  familiar  example  of  this  state 
of  body.  If  we  suppose  a  quantity  of  air  to  be  confined  in  a 
cylinder,  under  a  piston  which  moves  air-tight,  such  piston 
being  drawn  upwards,  the  air  will  not  rest  in  the  bottom  of  the 
cylinder,  as  the  same  volume  of  liquid  would  do,  leaving  vacant 
the  space  above  it,  but  it  will  expand  in  virtue  of  the  repulsive 
force  ah*eady  mentioned,  which  prevails  among  its  particles,  and 
it  will  fill  the  entire  space  under  the  piston.  To  this  expansion 
there  is  no  practical  limit ;  such  a  piston  may  be  indefinitely 
raised,  producing  an  indefinitely  increased  space  in  the  cylinder 
under  it,  and  the  air  will  still  continue  to  expand,  so  as  to  fill 
this  space  to  whatever  extent  it  be  increased. 

Atmospheric  air,  however,  is  by  no  means  the  only  example 
of  bodies  in  the  gaseous  form.  Many  varieties  of  such  bodies 
are  found  existing  in  the  material  world,  and  still  greater 
varieties  result  from  experimental  operations. 

II.  Bubstanoes  may  exist  in  eltlier  state. — There  are 
numerous  bodies  which  may  exist  in  any  of  these  three  states 
of  solid,  liquid,  or  gas^,  according  to  certain  physical  conditions, 
which  will  be  explained  hereafter ;  and  analogy  renders  it  pro- 
bable that  all  bodies  whatever  may  assume,  under  different  con- 
ditions, these  several  states.  Water  affords  a  familiar  example 
of  this  :  as  ice  it  exists  in  the  solid  state,  as  water  in  the  liquid 
state,  and  as  steam  in  the  gaseous  state. 


CHAPTER  II. 

IMPENETRABILITY — DIVISIBILITY. 

12.  Impenetrability  is  the  quality  in  virtue  of  which  a  body 
occupies  a  certain  space,  to  the  exclusion  of  all  other  bodies*. 
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This  idea  is  so  inseparable  from  matter,  that  some  writers  aflSrm 
that  it  is  nothing  but  matter  itself  ;  that  is,  that  when  we  say 
that  a  body  is  impenetrable,  we  merely  say  that  it  is  a  body. 

However  this  be,  the  existence  of  this  quality  of  impenetra- 
bility is  so  evident  as  to  admit  of  no  other  proof  than  an  appeal 
to  the  senses  and  the  understanding.  No  one  can  conceive  two 
globes  of  lead,  each  a  foot  in  diameter,  to  occupy  precisely  the 
same  place  at  the  same  time.  Such  a  statement  would  imply  an 
absurdity,  manifest  to  every  understanding. 

Even  bodies  in  the  gaseous  form,  the  most  attenuated  state 
in  which  matter  can  exist,  possess  this  quality  of  impenetrability 
as  positively  as  the  most  hard  and  dense  substances.  Thus  if 
we  invert  a  common  drinking-glass,  and  plunge  its  mouth  in 
water,  the  water  will  be  excluded  from  the  glass,  in  spite  of  the 
pressure  produced  by  the  weight  of  the  external  water  ;  because 
the  air  which  filled  the  glass  at  the  moment  of  immersion  is  still 
in  it,  and  its  presence  is  incompatible  with  that  of  any  other 
body.  It  is  true,  however,  that  in  this  case  the  water  will  rise  a 
little  above  the  mouth  of  the  glass  ;  but  this  effect  arises  not 
from  the  penetrability  of  the  air,  but  from  another  quality,  viz. 
its  compressibility,  of  which  we  shall  speak  further  on. 

The  numerous  examples  of  apparent  penetration  which  will 
present  themselves  to  aJl  observers  are  only  cases  of  displace- 
ment. 

If  we  walk  through  the  atmosphere,  our  bodies  may  be  said 
in  one  sense  to  penetrate  it ;  but  they  do  so  only  in  the  same 
manner  as  they  would  penetrate  a  liquid  in  passing  through 
it.  They  displace,  as  they  move,  as  much  air  as  is  equal  to  their 
own  bulk. 

If  a  sewing  needle  be  plunged  in  a  glass  of  water,  it  might 
appear  that  penetration  took  place  ;  but  it  is  evident  that  the 
needle  displaces  a  quantity  of  water  precisely  equal  to  its  own 
bulk  ;  and  if  we  had  the  means  of  measuring  with  the  necessary 
precision  the  position  of  the  surface  of  the  water  in  the  glass, 
we  should  find  that  on  plunging  the  needle  in  the  liquid  the  sur- 
face rises  through  a  space  corresponding  precisely  to  a  quantity 
of  water  equal  in  volume  to  the  bulk  of  the  needle. 

13-  Bivisibility. — As  all  bodies  consist  of  parts  which  are 
similar  in  their  qualities  to  the  whole,  a  question  arises 
whether  there  is  any  limit  to  their  subdivision  or  comminution. 
Are  there,  in  short,  any  ultimate  particles  at  which  the  process 
of  division  must  cea^e  ?  or,  to  speak  more  correctly,  are  there 
any  ultimate  particles  so  constituted  that  any  further  division 
would  resolve  them  into  parts  differing  in  quality  from  the  entire 
mass  ? 
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To  make  our  meaning  understood,  let  ub  take  the  example 
of  the  most  common  of  all  substances,  water.  The  discoveries 
of  modem  chemistry  have  disclosed  the  fact  that  water  is  a  com- 
pound body  formed  by  the  combination  of  two  gases,  called 
oxygen  and  hydrogen.  These  gases,  in  their  sensible  properties 
and  appearance,  are  similar  to  atmospheric  air,  and  have  never 
separately  assumed  the  liquid  form ;  but,  by  certain  means  (see 
the  volume  on  ^  eleotbicitt  '  in  this  series,  page  242),  they  may 
be  made  to  combine  and  coalesce,  and  when  so  combined  they 
form  water. 

Hence  it  is  certain  that  the  liquid,  water,  consists  of  ultimate 
particles,  or  molecules,  as  they  are  sometimes  called  ;  which 
molecules  are  again  composed  of  particles  of  the  two  gases 
above  mentioned  combined  together,  which  are  called  atoriM. 

Now,  the  question  is,  can  water  be  practically  so  minutely 
divided  that  its  particles  admit  of  no  further  subdivision,  save 
and  except  that  which  would  resolve  them  into  their  constituent 
gases  oxygen  and  hydrogen  ? 

To  this  it  ia  answered,  that,  although  the  process  of  sub- 
division may  be  carried  to  an  extent  which  has  no  practical 
limit,  yet  that  by  no  process  of  art  or  science  have  we  ever  even 
approached  to  those  idtimate  constituent  particles  which  admit 
of  no  other  division  save  decomposition. 

Nor  is  this  unlimited  divisibility  and  comminution  peculiar 
to  water.  It  is  common  to  all  substances,  whether  solid,  liquid, 
or  gaseous.  They  may  all  be  reduced  to  particles  of  the  most 
unlimited  minuteness,  and  yet  each  of  these  minute  particles 
will  possess  the  same  qualities  as  the  largest  mass  of  the  same 
substance. 

Although  experiment  fails  to  present  us  with  the  ultimate 
molecules  of  any  substance,  and  still  less  with  the  atoms  into 
which  it  may  be  resolved,  yet  many  facts  in  chemistry,  such  as 
the  invariability  in  the  relative  weights  of  the  elements  which 
combine  with  each  other,  would  lead  us  to  believe  that  the  divi- 
sibility of  bodies  has  an  actual  limit,  and  that  the  ultimate  limit 
is  reached  in  the  atoms  of  the  chemical  elements. 

14.  Examples  of  divisibility. — Most  soHd  bodies  are  capable 
of  unlimited  comminution,  by  a  variety  of  mechanical  processes, 
such  as  cutting,  filing,  pounding,  grinding,  &c.  If  a  mass  of 
marble  be  reduced  to  a  fine  powder  by  the  process  of  grinding, 
and  this  powder  be  then  purified  by  careful  washing,  its  particles, 
if  examined  by  a  powerful  miscroscope,  will  be  found  to  consist 
of  blocks  having  rhomboidal  forms,  and  angles  as  perfect  and  as 
accurate  as  the  finest   specimens  of  calcareous  spars.      These 
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rhomboids,  minute  as  bhey  are,  may  be  again  broken  and  pul- 
verised, and  the  particles  into  which  they  are  divided  will  still 
be  rhomboids  of  the  same  form  and  possessing  the  same  charac- 
ter. The  particles  of  such  powder  being  submitted  to  the  most 
powerful  microscopic  instruments,  and  the  process  of  pulverisa- 
tion being  pushed  to  the  utmost  practical  extreme,  it  is  still 
found  that  the  same  forms  are  reproduced. 

The  polish  of  which  the  surfaces  of  certain  bodies,  such  as 
steel,  the  diamond,  and  other  precious  stones,  are  susceptible,  is 
an  evidence  at  once  of  the  limited  sensibility  of  our  organs,  and 
the  unlimited  divisibility  of  matter.  This  polish  is  produced, 
as  is  well  known,  by  the  friction  of  emery  powder  or  diamond 
dust,  and  consequently  each  individual  grain  of  such  powder  or 
dust  must  leave  a  little  trench  or  trace  upon  the  surface  sub- 
mitted to  such  friction.  It  is  evident,  therefore,  that  after 
this  process  has  been  completed,  the  surface  which  presents 
to  the  senses  such  brilliant  polish,  and  apparently  infinite 
smoothness,  is  in  reality  covered  with  protuberances  and  inden- 
tations, the  height  and  depth  of  which  cannot  be  less  than  the 
diameter  of  the  particles  of  powder  by  which  the  polish  has  been 
produced. 

In  the  detection  of  matter  in  a  state  of  extreme  comminution, 
the  sense  of  sight  is  infinitely  more  delicate  than  that  of  touch. 
If  we  rub  a  piece  of  gold  upon  a  touchstone,  we  plainly  see  the 
particles  of  matter  which  are  left  upon  the  surface  of  the  stone. 
The  touch,  however,  cannot  detect  them. 

In  the  preceding  examples  the  comminution,  however  great, 
cannot  be  easily  submitted  to  actual  measurement.  Certain 
processes,  however,  in  the  arts  enable  us  to  obtain  exact  nu- 
merical estimates  of  a  minute  divisibility  which  without  them 
might  appear  incredible.  If  a  thin  tube  of  glass,  being  held 
before  the  flame  of  a  blow-pipe  until  the  glass  is  softened  and 
acquires  a  white  heat,  be  drawn  end  from  end,  a  thread  of  glass 
may  be  obtained  so  fine  that  its  diameter  will  not  exceed  the  two- 
thousandth  part  of  an  inch.  This  filament  of  glass  will  have  aU 
the  fineness  and  almost  all  the  flexibility  of  silk,  and  yet  a  bore 
proportional  to  that  which  passed  through  the  original  tube  will 
stni  pass  through  its  centre.  The  presence  of  this  bore  may  be 
rendered  manifest  by  passing  a  fluid  through  it. 

It  has  been  ingeniously  conjectured,  that  if  a  filament  of  this 
degree  of  fineness  could  be  obtained  of  a  material  which  would 
retain  sufl&cient  inflexibility,  ^t  might  be  made  to  penetrate  the 
flesh  without  producing  either  pain  or  injury,  inasmuch  as  its 
magnitude  would  be  much  less  than  that  of  the  pores  of  the  in- 
teguments. 
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1 5.  "WoUaston's  mierometiic  wire. — ^In  the  application  of 
the  telescope  to  astronomical  purposes,  the  distance  between 
objects  which  are  present  at  one  and  the  same  time  within  the 
field  of  view  of  the  instrument,  is  measured  by  fine  threads 
which  are  extended  parallel  to  each  other  across  the  field  of 
view,  and  which  may  be  moved  towards  and  from  each  other 
until  they  are  made  to  pass  through  the  objects  between  which 
we  desire  to  measure  the  distance.  An  experiment,  then,  which 
determines  the  distance  between  these  threads  measures  the  dis- 
tance between  the  objects. 

But  these  threads,  being  placed  before  the  eye-glass  of  the 
telescope,  and  therefore  necessarily  magnified  in  the  same 
manner  as  the  objects  themselves,  would,  unless  such  filaments 
were  of  an  extreme  degree  of  tenuity,  appear  in  the  field  of  view 
like  great  broad  bands,  and  would  conceal  many  of  the  objects 
which  it  might  be  necessary  to  observe.  It  is  therefore  neces- 
sary to  resort  to  the  use  of  filaments  of  extraordinary  minute- 
ness for  this  purpose.  The  threads  of  spiders'  webs  are  used 
with  more  or  less  success  ;  but  the  late  "Dr.  Wollaston  invented 
a  beautiful  expedient  by  which  metallic  threads  of  any  degree  of 
fineness  might  be  obtained. 

Let  us  suppose  a  piece  of  platinum  wire,  one-himdredth^  of 
an  inch  in  diameter — a  fineness  easily  obtainable  by  the  process 
of  wire-drawing — ^to  be  extended  along  the  axis  of  a  cylindrical 
mould,  one-fifth  of  an  inch  in  diameter,  the  wire  being  thus  the 
twentieth  part  of  the  diameter  of  the  mould.  Let  the  mould  be 
then  filled  with  silver  in  a  state  of  fusion.  When  this  is  cold  we 
shall  have  a  cylinder  of  silver,  having  in  its  axis  a  thread  of 
platinum  the  twentieth  part  of  its  diameter.  This  compound 
cylinder  is  then  submitted  to  the  common  process  of  wire-draw- 
ing, during  which  the  platinum  in  its  centre  is  drawn  with  the 
silver,  the  proportion  of  their  diameters  being  still  maintained. 
When  the  wire  is  drawn  to  the  greatest  degree  of  fineness  prac- 
ticable, a  piece  of  it  is  plunged  in  nitric  acid,  by  which  the  sur- 
rounding silver  is  dissolved,  and  the  platinum  wire  remains  un- 
covered. 

By  this  process  Dr.  Wollaston  obtained  platinum  wire  so 
fine,  that  30,000  pieces,  placed  side  by  side  in  contact,  would 
not  cover  more  than  an  inch.  It  would  take  150  pieces  of  this 
wire  bound  together  to  form  a  thread  as  thick  as  a  filament  of 
raw  sUk.  Although  platinum  is  the  heaviest  of  the  known 
bodies,  a  mile  of  this  wire  would  not  weigh  more  than  a  grain. 
Seven  ounces  of  this  wire  would  extend  from  London  to  New 
York. 
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1 6.  Minuteness  of  oivanio  filaments. — The  natural  fila- 
ments of  wool,  silk,  and  fur  afford  striking  examples  of  the 
minute  divisibility  of  organised  matter.  The  following  numbers 
show  how  many  filaments  of  each  of  the  annexed  substances 
placed  in  contact,  side  by  side,  would  be  necessary  to  cover  an 
inch : — 

Coarse  wool 500 

Fine  Merino  wool 1250 

Silk 2500 

The  hairs  of  the  finest  furs,  such  as  beaver  and  ermine,  hold 
a  place  between  the  filaments  of  Merino  and  silk,  and  the  wools 
in  general  have  a  fineness  between  that  of  Merino  and  coarse 
wool. 

All  these  objects  are  sensible  to  the  touch. 

It  will  be  remembered  that  they  are  compound  textures, 
having  a  particular  structure,  each  containing  very  different  ele- 
ments, which  are  prepared  by  the  processes  of  nutrition  and  se- 
cretion. 

1 7 .  Tlilckness  of  soap-bnbbles. — The  optical  investigations 
of  Kewton  disclosed  some  astonishing  examples  of  the  minute 
divisibility  of  matter.  A  soap-bubble  as  it  floats  in  the  light  of 
the  sun  reflects  to  the  eye  an  endless  variety  of  the  most  gor- 
geous tints  of  colour.  Newton  showed,  that  to  each  of  these 
tints  corresponds  a  certain  thickness  of  the  substance  forming 
the  bubble  ;  in  fact,  he  showed  in  general,  that  all  transparent 
substances,  when  reduced  to  a  certain  degree  of  tenuity,  would 
reflect  these  colours. 

Near  the  highest  point  of  the  bubble,  just  before  it  bursts,  is 
always  observed  a  spot  which  reflects  no  colour  and  appears 
black.  Newton  showed  that  the  thickness  of  the  bubble  at  this 
black  point  was  the  2, 500,000th  part  of  an  inch !  Now,  as  the 
bubble  at  this  point  possesses  the  properties  of  water  as  essen- 
tially as  does  the  Atlantic  Ocean,  it  follows,  that  the  ultimate 
molecules  forming  water  must  have  less  dimensions  than  this 
thickness. 

18.  Other  examples. — The  same  optical  experiments  were 
extended  to  the  organic  world,  and  it  was  shown,  that  the  wings 
of  insects  which  reflect  beautiful  tints  resembling  mother-of- 
pearl  owe  that  quality  to  their  extreme  tenuity.  Some  of  these 
are  so  thin  that  50,000  placed  one  upon  the  other  would  not 
form  a  heap  of  more  than  a  quarter  of  an  inch  in  height ! 

In  the  process  of  gold-beating  the  metal  is  reduced  to  laminae 
or  leaves  of  a  degree  of  tenuity  which  would  appear  fabulous  if 
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we  had  not  the  stubborn  evidence  of  common  experience  in  the 
arts  as  its  verification.  A  pile  of  leaf-gold  the  height  of  an  inch 
would  contain  282,000  distinct  leaves  of  metal !  The  thickness, 
therefore,  of  each  leaf  is  in  this  case  the  282,000th  part  of  an 
inch.  Nevertheless,  such  a  leaf  completely  conceals  the  object 
which  it  is  used  to  gild  ;  it  moreover  protects  such  object  from 
the  action  of  external  agents  as  effectually  as  though  it  were 
plated  with  gold  an  inch  thick. 

In  the  manufacture  of  embroidery,  fine  threads  of  silver  gilt 
are  used.  To  produce  these,  a  bar  of  silver,  weighing  180  ozs. , 
is  gilt  with  an  ounce  of  gold  ;  this  bar  is  then  wire-drawn  until 
it  is  reduced  to  a  thread  so  fine  that  3400  feet  of  it  weigh  less 
than  an  ounce.  It  is  then  flattened  by  being  submitted  to  a 
severe  pressure  between  rollers,  in  which  process  its  length  is 
increased  to  4,000  feet.  Each  foot  of  the  flattened  wire  weighs, 
therefore,  the  4,000th  part  of  an  ounce.  But,  as  in  the  processes 
of  wire-drawing  and  rolling,  the  proportion  of  the  two  metals  is 
maintained,  the  gold  which  covers  the  surface  of  the  fine  thread 
thus  produced  consists  only  of  the  i8oth  part  of  its  whole  weight. 
Therefore  the  gold  which  covers  one  foot  is  only  the  720,000th 
part  of  an  ounce,  and  consequently  the  gold  which  covers  an 
inch  will  be  the  8,640,000th  part  of  an  ounce.  If  this  inch  be 
again  divided  into  one  hundred  equal  j)arts,  each  part  will  be 
distinctly  visible  without  the  aid  of  a  microscope,  and  yet  the 
gold  which  covers  such  visible  part  will  be  only  the  864,000,000th 
part  of  an  ounce. 

But  we  need  not  stop  even  here.  This  portion  of  the  wire 
may  be  viewed  through  a  microscope  which  magnifies  500  times ; 
and  by  these  means,  therefore,  its  500th  part  will  become 
visible. 

In  this  manner,  therefore,  an  ounce  of  gold  may  be  divided 
into  432,000,000,000  parts,  and  each  part  will  still  possess  all 
the  characters  and  qualities  found  in  the  largest  mass  of  the 
metal.  It  will  have  the  same  solidity,  texture,  and  colour,  will 
resist  the  same  chemical  agents,  and  will  enter  into  combination 
with  the  same  substances.  If  this  gilt  wire  be  exposed  to  the 
action  of  nitric  acid,  the  silver  within  the  coating  will  be  dis- 
solved, but  the  hollow  tube  of  gold  which  surrounds  it  would 
still  cohere  and  remain  suspended. 

Moreover,  the  representation  of  such  small  magnitudes  is  not 
beyond  the  limits  of  the  skill  of  the  mechanician.  It  is  possible 
to  rule  lines  on  a  plate  of  glass  so  close  together  that  the  bands 
of  fine  lines  thus  obtained  cannot  be  resolved  even  by  the  most 
powerful  microscopes.     The  German  optician,  Nobert,  has  ruled 
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bands  contaming  about  224,000  lines  to  the  inch.  He  regularly 
makes  plates  with  bands  consisting  of  from  about  11,000  to 
1 12,000  lines  to  the  inch.  These  bands  are  nujnbered  from  the 
first  to  the  nineteenth,  and  are  used  for  microscopic  tests. 
Photographs  of  the  nineteenth  band,  containing  over  112,000 
lines  to  the  inch,  have  been  taken,  and  in  projecting  the  magni- 
fied image  on  a  screen  the  separate  lines  are  distinctly  visible. 

19.  Composition  of  blood. — The  organic  world  swords  most 
interesting  and  striking  examples  of  the  minute  divisibility  of 
matter.  None  can  be  selected  more  remarkable  than  that  pre- 
sented by  the  blood  of  animals,  which  is  not,  as  it  appears  to  the 
naked  eye,  a  uniform  red  liquid,  but  consists  of  a  transparent 
colourless  fluid  called  liquor  sanguinis,  or  blood  plasma,  in  which 
innumerable  small  red  corpuscles  of  solid  matter  float. 

In  different  species  these  red  corpuscles  differ  both  in  form 
and  size.  In  the  human  blood,  and  in  that  generally  of  animals 
who  suckle  their  young,  they  are  circular  discs,  their  surfaces 
being  slightly  concave,  like  the  spectacle-glasses  used  by  short- 
sighted persons.  In  birds,  reptiles,  and  fishes,  they  are  generally 
oval,  the  oval  being  more  or  less  elongated  in  different  species. 
The  surface  of  the  discs  in  these  species,  instead  of  being  con- 
cave, are  convex,  like  the  spectacle-glasses  used  by  long-sighted 
persons.  The  thickness  of  these  discs  varies  from  one -third  to 
one-quarter  of  their  diameter.  Their  diameter  in  human  blood 
is  the  3,500th  part  of  an  inch  :  they  are  smallest  in  the  blood  of 
the  Na/pu  musk-deer,  where  they  measure  only  the  12,000th  of 
an  inch.  It  would  require  50,000  of  these  discs  as  they  exist  in 
the  human  blood  to  cover  the  head  of  a  small  pin,  and  800,000 
of  the  discs  of  the  blood  of  the  musk-deer  to  cover  the  same 
surface. 

It  follows  from  these  dimensions  that  in  a  drop  of  human 
blood  which  would  remain  suspended  from  the  point  of  a  fine 
needle  there  must  be  about  3,000,000  discs,  and  in  a  like 
drop  of  the  blood  of  the  musk-deer  there  would  be  about 
120,000,000  ;  yet  these  corpuscles  are  rendered  not  only  dis- 
tinctly visible  to  the  senses  by  the  aid  of  the  microscrope,  but 
their  forms  and  dimensions  are  rendered  apparent.  Small  as 
they  are,  they  are  divisible,  and  can  be  resolved  into  their 
elements  by  chemical  agents. 

20.  Size  of  animalcales. — But  these  diminutive  globules  are 
exceeded  in  minuteness  by  innumerable  creatures  whose  exist- 
ence the  microscope  has  disclosed,  and  whose  entire  bodies  are 
inferior  in  magnitude  to  the  globules  of  blood. 

Microscopic  research  has  disclosed  the  existence  of  animals, 
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a  million  of  which  do  not  exceed  the  bulk  of  a  grain  of  sand, 

and  yet  each  of  these  is  composed  of  members  as  admirably 

...x-j  x_  ^^^^  mode  of  life  as  those  of  the  largest  speciesi. 

8  display  all  the  phenomena  of  vitality,  sense,  and 

the  liquids  which  they  inhabit  they  are  observed 
1  the  most  surprising  speed  and  agility;  nor  are 
\  and  actions  blind  and  fortuitous,  but  evidently 
choice  and  directed  to  an  end.  They  use  food  and 
lich  they  are  nourished,  and  must,  therefore,  be 
.  a  digestive  apparatus.  They  exhibit  a  muscular 
leeding  in  strength  and  flexibility,  relatively  speaks 
jer  species.      They  are  susceptible  of  the  same 

the  superior  animals,  and,  though  differing  in 
latisfaction  of  these  desires  ia  attended  with  the 
IS  in  our  own  species. 

li  observed  that  certain  animalcules  devour  others 
r  that  they  fatten  and  become  indolent  and  sluggish 
ag.  After  a  meal  of  this  kind,  if  they  be  confined 
tter  so  as  to  be  deprived  of  all  food,  their  condition 
ced,  they  regain  their  spirit  and  activity,  and  once 
}hemselve8  in  pursuit  of  the  more  minute  animals 
iplied  to  them.     These  they  swallow  without  de- 

of  life,  as,  by  the  aid  of  the  microscope,  the 
devoured,  have  been  observed  moving  within  the 
neater. 

)scopic  researches  of  Ehrenberg  have  disclosed 
ig  examples  of  the  minuteness  of  which  organised 
sceptible.  He  has  shown  that  many  species  of 
i  which  are  so  small  that  millions  of  them  collected 

would  not  exceed  the  bulk  of  a  grain  of  sand,  and 
night  swim  side  by  side  through  the  eye  of  a 
phells  of  these  creatures  are  found  to  exist  fossil- 

ita  of  the  earth  in  quantities  so  great  as  almost  to 

hi»^  credibility. 

chemical  ayement  it  has  been  ascertained  that  in 
substances,  ff^^ohemia,  which  consists  almost 
J  acid,  the  silver  wVt^  contains  forty-one  thousand 
3  hoUow  tube  of  goli^  *^®  hundred  and  twenty 
I  remain  suspended.  ^  eighty-seven  millions  of 
ihe  representation  of  such  smaB^^^  would  conse- 
its  of  the  skill  of  the  mechanician. 
I  a  plate  of  glass  so  close  together  that  fej*  *^^® 
IS  obtained  cannot  be  resolved  even  by  the''^^^ 
scopes.     The  German  optician,  Nobert,  has  ruled 
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21.  2>iTlsiblllt3r  by  solntlon. — If  a  grain  of  salt  be  dis- 
solved in  1,000  grains  of  distilled  water,  each  grain  of  the  water 
will  contain  the  i, 000th  part  of  the  grain  of  salt ;  and  if  a 
grain  of  this  water  be  mixed  with  i  ,000  grains  of  distilled  water, 
the  1,000th  part  of  a  grain  of  salt  which  it  holds  in  solution  will 
be  uniformly  diffused  through  the  latter,  so  that  each  grain  of 
the  latter  solution  will  contain  the  millionth  part  of  a  grain  of 
salt.  The  presence  of  the  salt  in  this  second  solution  can  be 
detected  by  certain  chemical  tests.  It  is  evident  that  this  pro- 
cess may  be  continued  to  a  still  greater  extent. 

A.  grain  of  sulphate  of  copper,  dissolved  in  a  gallon  of  water, 
will  impart  to  the  whole  mass  of  the  liquid  a  plainly  perceptible 
tinge  of  blue  ;  and  a  grain  of  carmine  will  give  its  peculiar  red 
to  the  same  quantity  of  water.  It  follows,  therefore,  that 
a  minute  drop  of  such  water  will  contain  such  a  proportion  of 
a  grain  of  either  of  these  substances  as  the  drop  bears  to  the 
gaUon. 

22.  SiTisiblllty  of  odours. — The  sense  of  smell,  although 
it  does  not  inform  us  of  the  mechanical  qualities  of  minute 
masses  of  matter,  determines,  nevertheless,  their  presence  :  thus, 
it  is  known  that  a  grain  of  musk  will  impregnate  the  atmo- 
sphere of  a  room  with  its  odour  for  a  quarter  of  a  century,  or 
more,  without  suffering  any  considerable  loss  in  its  weight. 
Every  particle  of  the  atmosphere  which  produces  the  sense  of 
the  odour  must  contain  a  certain  quantity  of  the  musk. 

23.  Fineness  of  spider's  web. — A  thread  of  a  spider's  web, 
measuring  four  miles,  will  weigh  very  little  more  than  a  single 
grain  !  Everyone  is  familiar  with  the  fact  that  a  spider  spins  a 
thread,  or  cord,  by  which  his  own  weight  hangs  suspended.  It 
has  been  ascertained  that  this  thread  is  composed  of  about  six 
thousand  filaments. 

24.  Bivtsibility  sbown  by  tbe  taste. — The  sense  of  taste, 
Uke  that  of  smell,  may  determine  the  presence  of  matter, 
without  manifesting,  by  direct  evidence,  anything  concerning 
its  mechanical  qualities. 

A  portion  of  strychnine,  so  minute  as  to  be  scarcely  per- 
ceptible to  the  sight,  if  dissolved  in  a  pint  of  water,  will  render 
every  drop  of  the  water  bitter.  Now,  it  is  evident,  that  in 
this  case,  the  strychnine  being  uniformly  diffused  through  the 
water,  the  minute  portion  of  it  above  mentioned  is  subdivided 
into  as  many  parts  as  there  are  drops  of  water  in  a  pint. 

In  like  manner,  if  chloride  of  silver  be  dissolved  in  a  solution 
of  hyposulphite  of  soda,  and  the  whole  be  evaporated,  a  com- 
pound salt  is  obtained,  of  which  a  single  grain  will  impart  a 
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diBtinctly  sweet  taste  to  a  gallon  of  water.  Now,  a  gallon  of 
water  weighs  70,000  grains,  and,  as  the  effect  of  the  salt 
is  perceptible  in  each  grain  of  the  water,  it  follows  that  one 
grain  of  this  salt  is  thus  divided  into  70,000  equal  parts. 

A  small  lump  of  sugar,  dissolved  in  a  cup  of  tea  measuring 
half  a  pint,  will  sweeten  the  whole  perceptibly.  In  this  half- 
pint  of  tea  there  are  31,000  drops.  Each  drop,  therefore,  must 
contain  the  31,000th  part  of  the  sugar  dissolved,  and  each  such 
drop  is  perceptibly  sweet.  But  if  the  point  of  a  needle  be 
inserted  in  one  of  these  drops,  and  withdrawn  from  it,  a  film  of 
moisture  will  remain  upon  it,  and  the  drop  will  not  be  visibly 
diminished.  Yet  this  film  of  moisture  will  still  be  sweet,  and 
will,  therefore,  contain  a  fraction  of  the  31,000th  part  of  the 
lump  of  sugar,  too  minute  to  admit  of  numerical  estimation. 

25.  Proofs  of  tbe  existence  of  molecules. — It  has  al- 
ready been  stated  that  there  are  various  reasons  why  we  should 
hesitate  to  conclude  from  these  various  facts  that  the  divisibility 
of  matter  is  really  infinite,  and  that  there  are  no  original  con- 
stituent atoms  of  determinate  magnitude  and  figure,  at  which 
all  subdivision  must  cease ;  and  one  of  these  reasons,  a  result 
of  chemical  investigations,  has  been  definitely  pointed  out. 
But  besides  this,  although  we  are  unable  by  direct  observation 
to  perceive  the  existence  of  molecules,  or  material  atoms  of 
determinate  figure,  yet  there  are  many  observable  phenomena 
which  render  their  existence  in  the  highest  degree  probable,  if 
not  positively  certain. 

26.  Crsrstalllsation. — The  most  remarkable  of  such  phe- 
nomena are  observed  in  the  crystaHisation  of  salts.  When  salt 
is  dissolved  in  distilled  water,  as  in  the  preceding  example,  the 
mixture  presents  the  appearance  of  a  transparent  liquid  like 
water  itself,  the  salt  altogether  disappearing  from  sight  and 
touch.  The  presence  of  the  salt  in  the  water,  however,  can  be 
established  by  weighing  the  solution,  which  will  be  found  to 
exceed  the  original  weight  of  the  water  by  the  exact  amount  of 
the  salt  dissolved. 

Now,  if  this  solution  be  heated  to  a  sufficient  temperature, 
the  water  will  gradually  evaporate ;  but  this  process  of  evapora- 
tion not  affecting  the  salt,  the  remaining  water  will  still  contain 
the  same  quantity  of  salt  in  solution,  and  it  will  consequently 
become,  by  degrees,  a  stronger  and  stronger  saline  solution,  the 
water  bearing,  consequently,  a  less  and  less  proportion  to  the 
salt.  The  water  will  at  length  be  diminished,  by  evaporation, 
to  that  point  that  a  sufficient  quantity  does  not  remain  to  hold 
in  solution  the  entire  quantity  of  salt  contained  in  it.     When 
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this  has  taken  place,  each  particle  of  water  which  is  evaporated 
leaving  behind  it  the  salt  which  it  held  in  solution,  and  this  salt 
not  beiDg  capable  of  being  dissolved  by  the  water  which  remains^ 
it  win  float  in  such  water  in  its  solid  and  natural  state,  undis- 
solved, just  as  particles  of  dust,  or  other  matter  not  soluble  ih 
the  water,  would  do.  But  the  saline  particles  which  thus  remain 
floating  in  the  liquid  undissolved  wiU  not  collect  in  irregular 
solid  pieces,  but  will  exhibit  themselves  in  regular  figures,  ter- 
minated by  plane  surfaces,  always  forming  regular  angles,  these 
figures  being  invariably  the  same  for  the  same  species  of  salt, 
but  different  for  different  species.  There  are  several  circum- 
stances attending  the  formation  of  ^hese  crystals  which  merit 
attention. 

If  one  of  these  be  detached  from  the  others,  and  the  gradual 
progress  of  its  formation  be  submitted  to  observation,  it  will  be 
found  to  grow  larger,  always  preserving  its  original  figure.  Now, 
since  its  increase  must  be  produced  by  the  continual  accession 
of  saline  molecules,  disengaged  by  the  water  evaporated,  it  fol- 
lows that  these  molecules,  or  atoms,  must  have  such  a  shape, 
that,  by  attaching  themselves  successively  to  the  crystal,  they 
will  maintain  the  regularity  of  its  boimding  planes,  and  preserve 
the  angles  which  these  planes  form  with  each  other  unvaried. 
In  fact,  they  must  be  so  shaped  that  the  structure  of  the  crystal 
they  form  may  be  built  up  by  their  regular  aggregation  into  the 
form  which  it  assumes.  If  one  of  these  crystals  be  taken  from 
the  liquid  during  the  process  of  its  formation,  and  be  broken, 
so  as  to  destroy  the  regularity  of  its  form,  and  then  restored  to 
the  liquid,  it  will  be  observed  soon  to  recover  its  regular  form, 
the  atoms  of  salt,  successively  dismissed  by  the  evaporating 
watar,  filling  up  the  irregular  cavities  produced  by  the  fracture. 

Two  consequences  obviously  follow  from  this  phenomenon  : 
First,  that  the  atoms  of  the  salt  dismissed  by  the  water  evapo- 
rated have  such  a  form  as  enables  them,  by  combination,  to 
give  to  the  crystals  the  shape  which  they  exhibit  •;  and,  Secondly, 
that  the  atoms  which  are  successively  attached  to  the  crystals  in 
the  process  of  formation  attach  themselves  in  a  particular  posi- 
tion, to  explain  which  it  is  necessary  to  suppose  that  correspond- 
ing sides  of  the  crystals  have  attractions  for  each  other,  so  that 
the  atoms  of  salt  not  only  attach  themselves  to  the  sides  of  the 
CTystaLs,  but  place  themselves  there  in  a  particidar  position.  In 
a  word,  we  must  suppose  that  the  walls  of  the  crystal  are  built 
with  these  atoms  in  the  same  manner,  and  with  the  same  regu- 
larity, as  the  walls  of  a  building  are  formed  with  bricks. 

AU  these,  and  many  similar  details  of  the  process  of  crystalli- 
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nation,  are  therefore,  very  evident  indications  of  a  determined 
figure  in  the  ultimate  atoms  of  the  substances  which  are  crystal- 
lised. 

27.  PlaniM  of  tf  oavave. — Closely  related  to  crystalline  form 
is  the  tendency  to  split  along  definite  planes  possessed  by  many 
minerals,  which  in  each  cleavable  mineral  species  bears  a  con- 
stant relation  to  a  certain  face,  or  to  certain  faces,  of  the  form 
in  which  the  mineral  crystallises.  It  is  important  to  distinguish 
between  fracture  and  cleavage,  as  the  former  is  irregular,  and 
not  connected  with  the  crystalline  form  of  the  mineral. 

We  must  infer  that  these  planes  of  cleavage  are  parallel  to 
the  sides  of  the  constituent  atoms  of  the  crjrstals,  and  their 
directions  form  therefore  many  conditions  for  the  determina- 
tion of  the  shape  of  these  atoms. 

28.  Conoluslons. — It  follows,  therefore,  from  these  effects, 
and  the  reasoning  established  upon  them,  that  the  substances 
whidi  are  susceptible  of  crystallisation  consist  of  ultimate  atoms 
of  different  figure.  Now,  all  solid  bodies  whatever  are  included 
in  this  class,  for  they  have  severally  been  found  in,  or  are  redu- 
cible to,  a  crystallised  form.  Liquids  crystallise  in  freezing: 
several  of  the  gases  have  been  already  reduced  to  the  liquid  and 
solid  forms,  and  analogy  justifies  the  conclusion  that  all  are 
capable  of  being  reduced  to  this  form. 

Hence  it  appears  reasonable  to  presume  that  all  bodies  what- 
ever are  composed  of  ultimate  atoms,  having  determinate  shape 
and  magnitude  ;  that  the  different  qualities  with  which  we  find 
different  bodies  endued,  depend  upon  the  shape  and  magnitude 
of  these  atoms  ;  that  these  atoms  cannot  be  disturbed  or  changed 
so  long  as  the  body  to  which  they  belong  is  not  decomposed  into 
other  elements,  as  we  find  the  qualities  which  depend  on  them 
imchangeably  the  same  imder  all  the  influences  to  which  they 
have  been  submitted. 

We  must  conclude  also  that  these  atoms  are  so  minute  in 
their  magnitudes  that  they  cannot  be  observed  by  any  means . 
which  human  art  has  yet  contrived,  but  nevertheless  that  such 
magnitudes  have  definite  limits. 

29.  Matter  indestraotible. — The  extreme  division  to  which 
bodies  are  subjected  in  many  natural  and  artificial  processes,  and 
especially  when  exposed  to  the  application  of  heat  or  fire,  has 
naturally  suggested  to  minds  not  habituated  to  the  rigid  process 
of  scientific  reasoning  the  idea  that  bodies  are  destructible.  The 
ancients,  instead  of  the  modem  practice  of  inhumation,  disposed 
of  the  bodies  of  their  dead  by  burning  them,  upon  the  supposi- 
tion that  their  component  parts  were  by  such  operation  de- 
stroyed. 
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The  more  exact  reasoning  of  modem  philosophy,  however, 
teaches  us  that  a  power  to  destroy  matter  would  be  as  incon- 
ceivable in  a  finite  agent  as  a  power  to  create  it.  It  is  certain 
that  the  quantity  of  matter  which  exists  upon  and  in  the  earth 
has  never  been  diminished  by  the  annihilation  of  a  single  atom. 
That  matter  is  in  fact  indestructible  by  any  known  agency  has 
been  abundantly  proved  by  experiments.  It  may  be  asked, 
then,  what  becomes  of  the  matter  composing  a  body  which,  being 
subjected  to  the  action  of  fire,  gradually  and  completely  disap- 
pears. The  answer  is,  that  in  this,  as  well  as  in  all  other  cases 
of  the  apparent  destruction  of  matter,  nothing  takes  place  except 
its  subdivision  and  the  change  of  its  form  and  position. 

When  a  bodv  is  subjected  to  the  action  of  heat,  its  elements 
are  decomposed^and  its  constituent  particles  separated  ;  many  of 
them  combine  with  other  particles  of  matter,  and  form  new  sub- 
stances possessing  other  qualities.  Thus,  when  coal  or  other  fuel 
is  burned,  the  carbon  enters  into  combination  ^with  one  of  the 
constituents  of  the  atmosphere  called  oxygen,  and  forms  a  gaseous 
substance  called  carbonic  acid,  which  rises  into  and  mixes  with 
the  atmosphere.  Another  element,  hydrogen,  combines  with  the 
same  constituent  of  the  atmosphere  and  forms  vapour  of  water, 
which  also  disperses  in  the  atmosphere. 

Sidphur,  which  is  also  occasionally  present  in  fuel,  combines 
with  the  same  constituent  of  the  air,  forming  a  gas  called  sul- 
phurous acid,  which  also  escapes  into  the  atmosphere.  Thus 
the  entire  matter  of  the  fuel,  with  the  exception  of  a  small 
portion  of  incombustible  matter  which  falls  into  the  ash-pit, 
is  dispersed  in  the  air,  but  no  destruction  or  annihilation  taJie^ 
place. 

That  no  portion  of  the  matter  of  the  fuel  is  destroyed  or 
annihilated  can  be  established  by  the  incontrovertible  experi- 
mental proofs  of  the  chemist,  for  by  the  expedients  of  his  science 
ail  the  products  of  the  combustion  which  have  been  just  men- 
tioned can  be  preserved,  weighed,  and  decomposed.  The  oxygen 
which  has  entered  into  combination  with  each  element  of  the 
fuel  can  be  reproduced,  as  well  as  the  constituents  of  the  fuel 
itself,  the  latter  of  which  being  weighed,  as  well  as  the  incom- 
bustible ash,  the  weight  of  tiie  whole  is  found  to  be  precisely 
equal  to  the  weight  of  the  fuel  which  was  burned  and  apparently 
destroyed. 

Liquids  when  subjected  to  heat  are  converted  into  vapour, 
and  this  vapour  disperses  in  the  atmosphere,  so  that  the  liquid 
seems  to  be  boiled  away  ;  but  if  the  vapour  be  preserved,  as  it 
may  be  in  a  separate  vessel,  and  exposed  to  cold,  it  will  return 
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to  the  liquid  form,  and  its  weight  and  measure  will  be  found  to 
be  precisely  the  same  as  that  of  the  liquid  evaporated. 

30.  BestmotiTe  distillatioii. — There  is  a  process  in  che- 
mistry which  is  called  destructive  distillation.  The  term  is 
obectionable,  because  it  implies  a  destruction  where  no  destruc- 
tion takes  place.  If  a  piece  of  wood,  being  previously  weighed, 
be  placed  in  a  closed  retort  and  submitted  to  what  is  called  de- 
structive distillation,  it  will  be  found  that  water,  a  certain  acid, 
and  several  gases,  will  issue  from  it,  all  of  which  may  be  pre- 
served, and  mere  charcoal  will  remain  in  the  retort  at  the  end 
of  the  process.  If  the  water,  acid,  and  gases  which  thus  escape 
be  weighed  with  the  charcoal,  the  weight  of  the  whole  will  be 
found,  to  be  precisely  equal  to  that  of  the  wood  which  was  sub- 
jected to  destructive  distillation. 

31.  Oeneral  oonolaslon. — Thus  various  forms  of  matter 
may  be  fused,  evaporated,  or  submitted  to  combustion ;  animals 
and  vegetables  may  die,  organised  bodies  may  be  dissolved  and 
decomposed,  but  in  all  cases  their  elementary  and  constituent 
parts  maintain  their  existence.  The  remains  of  our  own  bodies 
after  death  are  deposited  in  the  grave,  and  enter  into  innumer- 
able combinations  with  the  materials  of  the  soil,  with  the  vege- 
tation which  covers  it,  and  the  air  which  circulates  above  it. 

Consequently,  these  parts  enter  into  an  infinite  series  of 
o1;her  combinations,  forming  parts  of  other  organised  bodies, 
animal  and  vegetable,  and  these,  after  having  discharged  theil: 
functions,  are  thrown  oflf  again,  mixing  with  the  soil,  the  air,  or 
organised  matter,  and  once  more  running  through  the  round  of 
physical  and  chemical  changes. 

The  constituent  atoms  of  matter  are  thus  constantly  per- 
forming a  circle  of  duties  in  the  economy  of  nature  with  infinitely 
more  certainty  and  regularity  than  is  observed  in  the  most  dis- 
ciplined army  or  in  the  best  regulated  manufactory. 


CHAPTER  III. 

POROSITY,  COMPRESSIBILITY,  J5I.ASTI0ITY,  AKD  TORSION. 

32.  Component  molecules  not  In  contact. — ^The  volume 
or  magnitude  of  a  body  is,  as  has  been  already  explained,  the 
space  which  is  included  within  its  external  surfaces.     The  mass 
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of  a  body,  or  the  quantity  of  matter  of  which  it  consists,  is  the 
collection  of  atoms  or  molecules  which  compose  it.  If  these 
atoms  were  in  actual  contact,  the  volume  would  be  completely 
occupied  by  the  mass ;  but  numerous  results  of  observation 
prove  that  this  is  never  the  case.  There  is  no  body  so  solid  or 
compact  that  it  cannot,  by  various  processes  to  be  explained 
hereafter,  be  forced  into  less  dimensions.  Now,  if  its  atoms 
were  in  absolute  contact,  and  had  no  unoccupied  spaces  between 
them,  this  compression  could  not  take  place.  It  follows,  there- 
fore, that  between  the  atoms  or  molecules  which  form  the  mass 
of  a  body  there  are  vacant  spaces  in  the  magnitude  or  volume, 
which  therefore  consists  partly  of  the  spaces  occupied  by  the 
atoms,  and  partly  of  the  spaces  which  intervene  between  these 
atoms. 

33.  Pores. — These  intervening  spaces  which  separate  the 
constituent  atoms  of  a  mass  of  matter  are  called  pores  ;  and  the 
quality  of  bodies  in  virtue  of  which  their  constituent  atoms  are 
thus  separated  by  vacant  spaces  is  called  porosity.  But  we  must 
clearly  distinguish  between  two  kinds  of  pores ;  physical  pores, 
where  the  interstices  between  the  molecules  are  so  small  that 
there  is  no  apparent  want  of  continuity,  and  the  molecules  re- 
main within  the  sphere  of  each  other's  attracting  or  repelling 
forces  ;  and  sensible  pores,  which  are  actual  cavities  between  the 
molecules,  usually  filled  with  a  substance  different  from  that  of 
the  body.  In  many  organic  bodies  these  pores  are  a  consequence 
of  their  structure,  and  the  mode  in  which  the  cells  and  filaments 
of  which  they  consist  are  connected. 

The  existence  oj^  sensible  pores  may  be  demonstrated  by  a 
variety  of  experiments.  These  pores  are  often  filled  with  air. 
.  This  is  found  to  be  the  case,  for  example,  with  certain  sorts  of 
wood,  with  chalk,  sugar,  and  many  other  substances.  If  a  piece 
of  such  wood,  chalk,  or  sugar  be  pressed  to  the  bottom  of  a 
vessel  filled  with  water,  the  air  which  fills  the  pores  will  be 
observed  to  escape  in  bubbles  and  to  rise  to  the  surface,  the 
water  pervading  the  pores  and  taking  their  place. 

If  a  cylinder  of  wood  be  inserted  in  the  bottom  of  a  cup 
which  is  attached  to  the  mouth  of  a  glass  receiver  placed  upon 
the  plate  of  an  air-pump,  the  cup  thus  placed  being  filled  with 
mercury,  on  withdrawing  the  air  from  the  interior  of  the  reser- 
voir the  pressure  of  the  external  atmosphere  will  force  the  mer- 
cury through  the  pores  of  the  wood,  and  it  will  be  observed  tc 
fall  in  a  shower  of  silver  within  the  receiver.  •     , 

Wood  in  general  is  lighter,  bulk  for  bulk,  than  wate;^  easilv 
will  therefore  float  in  it ;  but  this  comparative  lightngf^  ^  ±xj^ 
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some  cases  not  a  property  of  the  wood,  but  of  the  air  which  fills 
its  pores.  To  prove  this,  let  a  piece  of  such  wood  be  held  be- 
neath the  surface  of  water  contained  in  a  vessel  placed  under 
the  receiver  of  an  air-pump.  On  exhausting  the  receiver,  the 
air  contained  in  the  piece  of  wood  will  force  its  way  out  by 
reason  of  its  elasticity,  and  will  rise  in  bubbles  to  the  surface  of 
the  water.  If,  when  the  air  has  been  thus  expelled  from  the 
pores,  the  pressure  of  the  atmosphere  be  made  to  act  again 
upon  the  surface  of  the  water  by  opening  the  cock  which  admits 
air  to  the  receiver,  the  water  will  be  forced  into  the  pores  of  the 
wood  and  will  fill  the  spaces  deserted  by  the  air,  and  the  wood 
will  then  sink  to  the  bottom. 

34.  Tlie  Florentine  experiment.  —  There  is  no  substance 
so  dense  as  to  be  divested  of  pores.  The  celebrated  Florentine 
experiment,  performed  at  the  Academia  Del  Cimento,  1661,  and 
often  repeated  since  that  time  with  the  same  result,  showed 
that  gold  itself  has  pores  sufficiently  large  to  admit  the  particles 
of  water  to  pass  through  them.  A  globe  of  gold,  being  com- 
pletely filled  with  water,  was  closed  by  a  screw,  and  submitted 
to  a  severe  pressure.  As  a  globe  is  the  figure  which  within  the 
same  surface  contains  the  greatest  possible  volume,  any  change 
produced  in  its  figure  by  external  pressure  must  necessarily 
diminish  its  volume.  When  the  globe,  therefore,  thus  filled 
with  water,  is  submitted  to  a  pressure  which  changes  it  to 
a  form  slightly  elliptical,  or  tiumip-shaped,  it  would  necessarily 
contain  less  liquid,  and  either  of  two  effects  must  ensue,  viz., 
the  globe  must  burst,  or  a  portion  of  the  liquid  must  force  its 
passflge  through  the  pores  of  the  gold.  The  latter  effect  en- 
sued ;  and  as  the  globe  changed  its  form,  the  water  was  seen 
collecting  in  a  dew  on  the  external  surface  of  the  metal.  This 
proved  that  the  particles  of  water  found  their  way  through  the 
pores  of  the  gold  without  tearing,  rupturing,  or  otherwise  doing 
violence  to  its  general  structure. 

35.  Otiier  examples. — The  process  of  filtration,  so  exten- 
sively used  in  the  arts  and  sciences,  depends  on  the  quality  of 
porosity.  The  substance  through  which  a  liquid  is  filtrated  has 
pores  large  enough  to  allow  the  particles  of  the  liquid  to  pass, 
but  too  small  to  permit  the  passage  of  the  foreign  matter  sus- 
pended in  the  liquid,  and  of  which  it  is  intended  to  purify  the 
liquid  by  the  process  of  filtration.  The  most  ordinary  filters 
'».re  soft  stone,  paper,  and  charcoal. 

j  Animal   and   vegetable   petrifactions  furnish    striking  ex- 
or  mags  of  porosity,  since  the  stony  substance  which  petrifies 
spjwe  wkust  have  been  infiltrated  through  their  mass,  so  as  to 
\  '  all  their  fibres. 
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Mineral  substances  are  all  more  or  less  porous.  Opaque 
-stones  are  in  general  more  porous  than  transparent  ones.  Chalk 
and  marble  are  formed  of  the  same  constituents,  with  different 
degrees  of  porosity.  If  water  be  poured  on  chalk,  it  is  instantly 
observed  passing  -into  its  innermost  pores  ;  if  it  be  poured  on 
marble,  it  rests  on  the  surface  without  penetrating.  Stones, 
however,  which  resist  the  admission  of  water  to  their  pores 
under  ordinary  circumstances,  will  be  penetrated  by  the  liquid 
provided  an  intense  pressure  be  used  for  a  sufficient  length  of 
time.  Thus,  stones  taken  from  the  bottom  of  the  sea,  especially 
if  the  depth  be  considerable,  are  found  penetrated  by  water  to 
their  very  centre.  Among  siliceous  minerals,  such  as  agate  and 
flint,  there  is  one  called  Hydrophane,  whose  porosity  is  attended 
by  a  singular  phenomenon.  A  piece  of  this  substance,  in  its 
common  state,  is  nearly  opaque  ;  but  if  it  be  plunged  in  water 
it  is  found,  on  withdrawing  it  from  the  liquid,  to  be  translucent 
and  opalescent.  In  this  case  the  water  penetrates  the  stone 
exactly  as  oil  penetrates  paper  ;  bubbles  of  air  are  disengaged 
from  its  pores,  which  are  filled  with  absorbed  water ;  this  in- 
creases the  optical  tmiformity  of  the  whole,  and  thus  allows  a 
certain  amount  of  light  to  be  transmitted. 

Large  mineral  masses  existing  naturally  in  the  strata  of  the 
earth  present  examples  of  porosity  still  more  striking.  Water 
percolates  through  the  sides  and  surfaces  of  caverns  and  grottoS; 
and,  being  impregnated  with  calcareous  and  other  earths,  forms 
stalactites,  or  pendulous  protuberances,  presenting  curious  ap- 
pearances, with  which  everyone  is  familiar. 

36.  Compressibility. — The  quality  in  virtue  of  which  a 
body  allows  its  volume  to  be  diminished  without  diminishing  its 
quantity  of  matter  is  called  compressibility,  when  the  effect  is 
produced  by  the  application  of  external  mechanical  force  ;  and 
contractihUity  when  produced  by  change  of  temperature,  or  any 
other  agency  not  mechanical.  When  the  volume  of  a  body  is 
diminished,  either  by  compression  or  contraction,  its  constituent 
atoms  are  brought  into  closer  contiguity,  its  pores  are  conse- 
quently diminished,  and  its  density  proportionally  increased. 

One  of  the  most  conclusive  proofs  that  all  bodies  are  porous 
is  derived  from  the  fact  that  all  known  bodies,  whatever  be 
their  nature,  are  capable  of  having  their  dimensions  reduced 
without  diminishing  their  mass. 

In  general,  the  more  porous  a  body  is  the  more  easy  it  is  to 
reduce  its  dimensions  by  external  force.  Many  organised 
bodies  which  are  easily  penetrated  by  fluids  can  be  easily 
diminished  in  volume  by  the  application  of  pressure  ;  and  in  this 
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case,  if  they  have  been  previously  filled  with  fluids,  these  fluids 
are  expelled  by  the  pressure  exactly  as  water  is  squeezed  from 
a  piece  of  sponge.  Innumerable  processes  in  the  arts  supply 
examples  of  this. 

W6od  of  even  the  hardest  kind,  in  its  natural  state,  is  so 
porous  as  to  absorb  both  air  and  water  in  considerable  quan- 
tities. When  such  wood  is  used  in  the  arts,  in  cases  where 
extreme  hardness  is  required,  it  is  previously  submitted  to 
extreme  pressure,  by  which  the  fluids  absorbed  are  expelled 
from  the  pores,  the  volume  diminished,  and  the  density  in- 
creased. The  wooden  wedges  used  in  fastening  the  rails  of 
railways  in  their  chairs  are  prepared  in  this  manner. 

Even  the  most  solid  stone,  when  loaded  with  a  considerable 
weight,  is  found  to  be  compressed.  The  foundations  of  build- 
ings, and  the  columns  which  sustain  incumbent  weights  in 
architecture,  supply  numerous  proofs  of  this. 

Malleable  metals  are  compressed  by  percussion  or  hammer- 
ing :  they  become  thus  more  compact  and  dense.  In  the.pro- 
cess  of  coining,  medals  and  pieces  of  money  are  struck  by  a 
severe  pressure,  by  which  they  are  made  to  receive  the  im- 
pression and  characters  upon  them  more  accurately  than 
softened  wax  would  from  the  pressure  of  the  hand.  Under  the 
blow  of  the  press  they  not  only  change  their  form,  accommo- 
dating themselves  to  the  characters  and  figures  sunk  upon  the 
die,  but  they  are  at  the  same  time  compressed  and  rendered 
more  dense,  so  that  the  coin  or  medal  has  a  volume  sensibly 
less  than  the  blank  piece  had  before  it  was  struck. 

37.  Compressibility-  of  liquids. — Liquids  in  general  are 
less  easily  compressed  than  solids  ;  so  much  so,  that  practically 
they  are  regarded  as  incompressible. 

They  are,  however,  strictly  speaking,  capable  of  a  slight 
compression  under  the  operation  of  considerable  mechanical 
force. 

In  the  year  1761,  the  compressibility  of  water  and  other 
liquids  was  established.  It  was  found  that  water,  submitted  to 
a  mechanical  pressure,  amounting  to  fifteen  pounds  on  a  square 
inch,  would  be  diminished  in  its  volume  by  forty -five  parts  in  a 
million  ;  that  is  to  say,  a  million  of  cubic  inches  would  be 
reduced  to  about  forty-five  cubic  inches  less. 

In  more  recent  experiments,  a  quantity  of  water  was  enclosed 
in  a  piece  of  cannon  and  submitted  to  a  mechanical  pressure 
amounting  to  fifteen  thousand  pounds  per  square  inch.  Under 
this  pressure  it  was  diminished  by  one-twentieth  of  its  volujne, 
and  the  cannon  enclosing  it  was  burst. 
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The  most  recent  experiments  on  tl^e  compressibility  of 
liquids  are  treated  of  more  in  detail  in  the  treatise  on  ^  Hydro- 
statics,' in  this  series,  page  3,  etc. 

Although  liquids  are  very  little  compressible,  they  are  in 
a  very  high  degree  susceptible  of  contraction. 

K  a  quantity  of  water  coloured  with  ink  or  other  colouring 
matter  be  included  in  a  glass  bulb  connected  with  a  tube 
of  small  bore,  it  will  be  found  that,  when  the  bulb  is  exposed  to 
cold,  the  level  of  the  coloured  water  in  the  tube  will  descend. 
This  is  an  effect  of  the  contraction  which  the  liquid  undergoes 
in  consequence  of  its  diminution  of  temperature.  This  con- 
traction by  cold  is  an  universal  effect  on  matter,  which  will  be 
explained  more  fully  in  the  volume  on  *  Heat,'  in  this  series. 

38.  Compressibility  of  erases. — Of  all  forms  of  matter  the 
gases  are  the  most  susceptible  of  compression.  This  quality  has 
^already  been  briefly  noticed.  There  appears  to  be  no  practical 
limit  to  the  compression  of  which  this  form  of  matter  is  sus- 
ceptible, its  volume  being  diminished  in  the  exact  proportion  of 
the  compressing  force  applied  to  it. 

This  property  of  gases  is  more  fully  described  on  page  125, 
etc.,  of  the  treatise  on  *  Hydrostatics.' 

39.  Elasticity. — This  is  the  quahty  in  virtue  of  which  a 
body,  after  having  been  compressed,  recovers  its  former  dimen- 
sions, on  being  relieved  from  the  force  which  compresses  it. 
Bodies  which  retain  their  compressed  state  after  the  force 
ceases  to  act,  and  do  not  resume  their  original  dimensions,  are 
said  to  be  inelastic. 

The  class  of  bodies  which  affords  the  most  striking  examples 
of  elasticity  are  the  gases  and  aeriform  bodies.  If  a  quantity  of 
air  be  included  in  a  syringe  under  a  piston,  and  be  compressed 
by  a  force  applied  to  the  piston,  on  the  removal  of  that  force 
the  air,  by  ^drtue  of  its  elasticity,  will  force  the  piston  upwards 
until  it  resumes  the  position  from  which  it  had  been  driven  by 
the  compressing  force. 

All  liquids,  when  compressed,  immediately  recover  their 
original  dimensions  when  relieved  from  the  compressmg  force, 
ind  therefore  may  be  said  to  be  perfectly  elastic.  The  play  of 
compressibility  and  elasticity,  however,  in  the  case  of  liquids, 
is  so  extremely  limited,  that  for  all  practical  purposes  this  form 
of  body  is  treated  as  both  incompressible  and  inelastic.  All  the 
theorems  and  results  in  those  parts  of  physical  science  called 
Hydrostatics,  Hyd/rodynarmcs,  Hydraulics,  etc. ,  are  based  upon 
the  principle  that  liquids  are  incompressible  and  inelastic  ;  for 
although  it  be  true,  as  has  been  stated,  that  within  certain  very 
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minute  limits  they  are  both  compressible  and  elastic,  yet  these 
limits  are  so  snuill  as  to  produce  no  appreciable  effects  under 
ordinary  circumstances. 

Gaseous  bodies  are  not  only  compressible  and  elastic  without 
any  practical  limit,  but  also  endued  with  unlimited  dilatability. 
Thus,  if  a  quantity  of  gas  be  included  in  any  given  volume,  and 
this  volume  be  augmented  in  any  required  proportion,  the 
gas  will  spontaneously,  and  without  the  application  of  any  ex- 
ternal agency,  dilate  itself  so  as  to  fill  the  augmented  volume, 
and  this  expansion  will  go  on,  no  matter  to  what  extent  the 
volume  be  augmented. 

The  quality  of  elasticity  is  manifested  in  solid  bodies,  but  in 
a  less  decided  mauner  thaji  in  gases.  In  solid  bodies  elasticity 
may  be  developed  not  only  by  compression,  but  also  by  pulling, 
bending,  and  twisting.  These  effects  will  be  discussed  further  on. 

Caoutchouc,  or  india-rubber,  is  perhaps  of  aU  solid  bodies 
that  which  has  most  elasticity.  This  quality,  combined  with 
the  methods  recently  discovered  of  varying  the  form  of  this 
substance,  has  extended  considerably  the  application  of  it  to 
the  useful  purposes  of  life. 

The  following  experiments  will  illustrate  the  quality  of  elas- 
ticity as  found  in  solid  bodies  : — 

If  a  flat  and  hard  surface  be  smeared  with  a  thin  coating  of 
oil,  and  an  ivory  ball  be  allowed  to  drop  upon  it,  the  ball  will 
rebound  by  reason  of  its  elasticity.  On  examining  that  part  of 
the  surface  of  the  ball  which  struck  the  flat  surface  from  which 
it  rebounded,  it  will  be  found  that  a  somewhat  extensive  circu- 
lar space  will  have  been  stained  with  the  oil.  If  the  ball  be 
brought  gently  into  contact  with  the  flat  surface,  a  minute  space 
only  would  be  stained  with  the  oil.  Why,  then,  it  may  be 
asked,  did  a  larger  space  receive  a  stain  when  the  ball  was 
allowed  to  drop  with  a  certain  force  upon  the  surface  ?  The 
answer  to  this  is,  that  the  force  of  the  impaiCt  flattens  the  surface 
of  the  ball  to  a  certain  extent ;  that,  in  virtue  of  its  elasticity,  the 
ball  recovers  its  spherical  figure  ;  and  that  the  force  with  which 
it  recovers  this  figure  causes  the  rebound.  The  extent  of  the 
surface  stained  by  the  oil  is  a  little,  but  not  much,  greater  than 
the  extent  of  the  circle  flattened  by  the  impact. 

If  the  ball  be  let  fall  from  several  different  heights,  it  will  be 
found  that  the  circular  space  stained  by  the  oil  wiU  be  greater 
the  more  elevated  the  point  from  which  the  ball  is  allowed  to 
depart.  This  effect  is  only  what  might  have  been  anticipated  ; 
the  greater  the  height  from  which  the  ball  falls,  the  greater  will 
be  the  force  of  the  impact,  and  consequently  the  greater  will  be 
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the  extent  over  which  its  surface  will  be  flattened,  and  the 
greater,  consequently,  will  be  the  elastic  force  which  produces 
the  rebound. 

If  such  an  experiment  be  made  with  a  ball  composed  of  a 
substance  softer  than  ivory,  and  equally  elastic,  the  flattening 
may  be  rendered  directly  perceptible  to  the  senses.  This  may 
be  made  evident  by  the  large  caoutchouc  balls  inflated  with  air, 
used  in  the  plays  of  children.  When  they  strike  the  ground, 
they  are  flattened  at  the  surface  over  a  circle  of  very  consider- 
able magnitude,  and  which  flattening  may  be  exhibited  by 
pressing  them  on  the  ground  by  the  force  of  the  hand.  This  is 
only  an  exaggeration  of  what  would  actually  take  place  in  the 
case  of  a  ball  of  ivory  or  glass. 

Elasticity  in  bodies  is  sometimes  manifested  by  their  dis- 
position to  recover  their  form  when  disturbed  by  a  force  which 
does  not  affect  their  volume.  For  example,  a  plate  of  steel 
when  bent  would  have  the  same  dimensions  which  it  had  before 
the  pressure,  yet  its  elasticity  will  be  rendered  apparent  by  its 
immediately  recovering  its  original  form  after  the  force  which 
bends  it  had  ceased  to  act.  The  play  of  springs  of  every  form 
affords  examples  of  this.  When  a  straight  bar  of  steel  is  bent 
into  a  curve,  both  compression  and  expansion  of  its  molecules 
take  place.  The  molecules  which  compose  that  side  which 
becomes  convex  are  forcibly  drawn  asunder,  and  those  which 
form  the  siu^ace  which  becomes  concave  are  forcibly  compressed. 
This  is  evident,  inasmuch  as  the  convex  side  becomes  longer, 
and  the  concave  shorter,  by  the  change  of  form.  The  tendency 
of  the  molecules,  by  virtue  of  their  elasticity,  to  recover  their 
original  position,  causes  those  on  the  convex  surface  to  contract, 
and  those  on  the  concave  surface  to  expand,  the  combined  effects 
of  such  contraction  and  expansion  being  the  restoration  of  the 
bar  to  its  original  form. 

40.  Almlts  of  tbe  elastio  force. — As  elasticity  results  from 
a  derangement  of  the  component  molecules  of  bodies,  it  will  be 
easily  understood  that  there  must  be  limits  beyond  which  such 
derangements  cannot  be  produced  without  a  permanent  change 
in  the  form  of  the  body  ;  and  there  are  consequently  hmits  to 
the  play  of  elasticity.  These  limits  will  be  obviously  different 
in  different  bodies. 

In  the  case  of  the  most  elastic  class  of  bodies,  such  for  ex- 
ample as  caoutchouc,  these  limits  are  very  extensive.  In  ivory 
they  are  more  extensive  than  in  glass,  for  ivory  will  recover  ite 
figure  after  a  compression  which  would  cause  the  fracture  of 
glass.      The   limits  are  narrow  in  the  case  of  such  metals  as 
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lead  ;  for  although  considerable  compression  will  not  cause  the 
fracture  of  lead  as  it  would  that  of  glass,  yet  the  derangement 
which  such  compression  produces  amongst  the  molecules  of  that 
metal  is  greater  than  their  feeble  elasticity  can  resist,  and  the 
metal  accordingly  takes  permanently  any  form  given  to  it. 

41.  Blastiettsr  of  torstoiu — Elasticity  is  sometimes  mani- 
fested by  torsion.  Thus,  let  a  filament  of  raw  silk  be  stretched 
by  an  attached  weight  and  the  weight  be  made  to  revolve  several 
times  in  the  same  direction,  so  as  to  twist  the  silk,  and  then  be 
left  to  itself  :  the  fibre  of  silk  in  virtue  of  its  elasticity  will  un- 
twine itself,  causing  the  weight  to  revolve  in  a  direction  contrary 
to  that  in  which  it  was  twisted  originally  ;  and  this  process  of 
untwining  will  continue  until  the  filament  recovers  its  original 
position  ;  but  the  twisting  may  have  been  continued  to  such  an 
extreme  as  to  exceed  the  limits  of  the  elasticity  of  the  silk  ;  and 
in  that  case  a  permanent  derangement  of  the  molecules  of  the 
silk  will  take  place,  and  it  will  not  recover  its  original  form. 

The  same  effects  would  ensue  if  the  weight  had  been  sus- 
pended to  a  fine  wire  of  copper,  silver,  or  any  other  metal,  but 
the  limit  at  which  the  twisting  would  produce  a  permanent  de- 
rangement of  form,  or,  in  other  words,  the  limit  of  play  of 
elasticity,  would  be  different. 

42.  Diiatabilltj'. — When  the  extension  or  augmentation  of 
the  volume  of  a  body  is  produced  by  any  physical  agency,  such, 
for  example,  as  heat,  not  coming  under  the  denomination 
of  mechanical  force,  it  is  called  dUataiion,  All  bodies  what- 
ever, when  submitted  to  the  action  of  heat,  are  susceptible  of 
having  their  dimensions  enlarged  ;  and  to  this  augmentation 
of  magnitude  or  dilatation  by  increase  of  temperature  there 
is  no  practical  limit  while  a  body  maintains  its  st^ate  of  aggre- 
gation. 

Innumerable  examples  of  the  operation  of  this  principle  in 
the  arts  and  sciences  may  be  produced. 

In  the  thermometer  the  dilatation  of  a  liquid  is  used  as  the 
measure  of  the  heat  which  produces  it.  This  instrument  con- 
sists of  a  glass  bulb  attached  to  a  tube  of  small  bore.  The 
bulb  and  part  of  the  tube  are  fiUed  with  a  liquid.  As  the 
temperature  to  which  the  instnmient  is  exposed  is  increased  or 
diminished,  the  liquid  affected  by  it  expands  or  contracts  in  a 
much  greater  degree  than  does  the  glass  in  which  the  liquid  is 
contained.  The  consequence  of  this  is,  that  in  order  to  find 
room  for  its  increased  volume,  a  portion  of  the  liquid  in  the 
bulb  is  forced  into  the  tube.  The  column  in  the  ube  conse- 
quently becomes  longer,  and  its  increase  of  length,  measured  by 
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a  scale  attached  to  the  tube,  becomes  a  measure  of  the  increased 
temperature. 

The  dilatation  and  contraction  of  metal  consequent  upon 
change  of  temperature  has  been  applied  some  time  ago  in  Paris 
to  restore  the  walls  of  a  tottering  building  to  their  proper  po- 
sition. In  the  Conservatoire  des  Arts  et  Mitiers,  the  walls  of  a 
part  of  the  building  were  forced  out  of  the  perpendicular  by  the 
weight  of  the  roof,-so  that  each  wall  was  leaning  outwards. 
M,  Molard  conceived  the  notion  of  applying  the  irresistible 
force  with  which  metals  contract  in  cooling  to  draw  the  walls 
together.  Bars  of  iron  were  placed  in  parallel  directions  across 
the  building,  and  at  right  angles  to  the  direction  of  the  walls. 
Being  passed  through  the  walls,  nut«  were  screwed  on  their 
ends  outside  the  building.  Every  alternate  bar  was  then  heated 
by  lamps,  and  the  nuts  screwed  close  to  the  walls.  The  bars 
were  then  cooled  ;  and  the  lengths  being  diminished  "by  contrac- 
tion, the  nuts  on  their  extremities  were  drawn  together,  and 
with  them  the  walls  were  dravni  through  an  equal  space.  The 
same  process  was  repeated  with  the  intermediate  bars,  and  so 
on  alternately,  until  the  walls  were  brought  into  a  perpendicular 
position. 

43.  Oeneral  effects  of  dilatation  and  oontraotlon. — Since 
there  is  a  continual  change  of  temperature  in  all  bodies  on  the 
surface  of  the  globe,  it  follows  that  there  is  also  a  continual 
change  of  magnitude.  The  substances  which  surround  us  are 
constantly  swelling  and  contracting  under  the  vicissitudes  of 
heat  and  cold.  They  grow  smaller  in  winter,  and  dilate  in  sum- 
mer. They  increase  their  bulk  on  a  warm  day,  and  diminish  it . 
on  a  cold  one.  These  curious  phenomena  are  not  noticed  only 
because  our  ordinary  means  of  observation  are  not  sufficiently 
accurate  to  appreciate  them.  Nevertheless,  in  some  familiar 
instances,  the  effect  is  very  obvious.  In  warm  weather  the  flesh 
swells,  the  vessels  appear  filled,  the  hand  is  plump,  and  the  skin 
distended.  In  cold  weather,  when  the  body  has  been  exposed 
to  the  open  air,  the  flesh  appears  to  contract,  the  vessels  shrink, 
and  the  skin  shrivels^ 
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CHAPTER  IV. 

SPECIFIC   PBOPBBTIE8. 

44.  Thb  qualities  of  matter  wliich  have  been  illustrated 
and  explained  in  th*e  preceding  chapters,  are  those  which  are 
common,  in  a  greater  or  less  degree,  to  all  bodies,  in  whatever 
form  or  under  whatever  circumstances  they  may  exist.  There 
remains  to  be  noticed  another  group  of  properties  which  may  be 
denominated  for  distinction,  specific  properties,  being  found  in 
some  species  of  matter  and  not  in  others,  or  at  least  varying  in 
degree  so  extremely  in  different  sorts  of  bodies  as  to  give  them 
specific  chalracters. 

45.  Blastiolty,  biittteness,  and  Imrdness. — ^Although  the 
property  of  elasticity  in  its  general  sense  may  be  considered  as 
one  which,  in  various  degrees,  is  common  to  all  bodies,  yet  it  is 
manifested  in  so  peculiar  a  manner  in  bodies  of  different  forms, 
that  it  may  be  not  incorrectly  considered  as  giving  them  a  spe- 
fic  character.  It  is  intimately  connected  with  another  mechani- 
cal quality  which  may  be  called  luxrdness.  This  quality  consists 
in  a  certain  degree  of  coherence,  by  which  the  constituent  mole- 
cules of  a  body  keep  their  relative  position  so  as  to  resist  an^ 
force  which  tends  to  change  the  figure  of  the  body. 

Hardness  is  distinct  from  density,  as  we  frequently  find  the 
most  dense  bodies  possess  this  quality  in  a  much  less  degree 
than  lighter  substances.  Glass,  for  example,  is  harder  than 
gold,  or  even  than  platinum,  which  is  still  harder  and  denser 
than  gold.  A  piece  of  glass  will  scratch  the  surface  of  gold  or 
platinum,  an  effect  which  shows  that  the  particles  of  gold 
or  platinum  yield  and  are  displaced  more  easily  than  those  of 


Again,  in  comparing  different  species  of  metals  one  with  an- 
other, their  hardness  is  evidently  independent  of  their  densities. 
Gold  and  platinum,  the  most  dense  of  metals,  are  softer  than 
iron  or  zinc,  which  are  much  lighter.  Among  the  hardest  of  the 
metals  are  iron,  zinc,  copper,  manganese,  nickel,  titanium,  and 
palladium.  The  softest  of  the  common  metals  is  lead,  but  the 
so-called  alkaline  metals,  such  as  potassium  and  sodium,  are  so 
soft  as  to  yield  under  the  finger  like  putty. 

Glass  cannot  be  much  altered  in  form  without  breaking. 
Such  bodies  are  called  brittle.     But  if  glass  be  bent,  and  is  not 
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broken,  it  immediately  recovers  its  previous  form,  when  left  to 
itself.  Brittleness  and  elasticity  are  therefore  by  no  means 
opposite  properties,  but  a  body 
ioay  possess  both  at  the  same  time. 
The  elasticity  of  glass  is  well  shown 
by  a  narrow  long  strip  of  window- 
glass,  but  much  better  by  a  spiral 
made  of  a  glass  cylinder.  Such  a 
spiral,  fig.  2,  may  be  pulled  at  both 
ends  with  thumb  and  forefinger  and 
the  single  coils  wiU  separate  as  far 
as  ^th  of  an  inch  or  more  from  one 
another  without  breaking ;  if  the 
strain  ceases,  they  close  again  com- 
pletely together. 

46.  Modlflcatioiis  of  elasticity 
and  tiardneSB  In  tbe  same  body. — 
Some  metals  are  capable  of  having 
their  structure  modified  without 
undergoing  apparently  the  least 
chemical  change,  and  the  conse- 
quence is  that  their  hardness  or 
elasticity  sufiers  a  change  of  degree. 
Thus  steel,  when  heated,  and  then 
Buddenly  cooled  by  being  plunged 
in  cold  water,  becomes  harder  than 
glass  ;  but  if  it  be  cooled  more  gra- 
dually, then  it  becomes  soft  and  flexible. 

Elasticity  manifests  itself  in  various  ways  according  to  the 
form  and  character  of  the  body  to  which  it  belongs.  The  elasti- 
city of  a  flat  and  thin  bar  of  steel  is  manifested  by  the  force 
with  which  it  will  recover  its  figure  when  bent  by  lateral  pres- 
sure ;  the  elasticity  of  an  ivory  ball  is  manifested  by  the  force 
with  which  it  will  recover  its  figure  when  flattened  by  impact 
against  some  hard  surface.  In  the  case  of  a  steel  spring,  the 
body  yields  to  a  slight  pressure,  readily  changing  its  forms  ; 
in  the  case  of  an  ivory  ball,  the  body  does  not  jdeld  to  mere 
pressure,  and  requires  the  force  of  impact  to  produce  change  of 
form. 

When  the  force  with  which  a  body  recovers  its  form  is  equal 
to  the  fojce  by  which  its  form  has  been  changed,  the  elasticity 
is  said  to  be  perfect.  Thus,  if  a  bent  spring  recover  its  position 
when  relieved  from  the  force  which  bent  it  with  an  energy  equal 
to  such  bending  force,  then  the  spring  is  said  to  be  perfectly 


Fig.  2. 
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elastic  ;  but  when  the  restoring  force  is  less  than  the  bending 
force,  the  elasticity  is  imperfect.  In  the  same  manner,  if  an 
ivory  ball  flattened  by  a  blow  recover  its  form  with  a  force  equal 
to  that  of  the  blow  which  flattens  it,  the  elasticity  is  perfect,  but 
otherwise  imperfect. 

It  is  more  exact  to  say  that  no  body  whatever  is,  in  an  abso- 
lute sense,  either  perfectly  elastic  or  perfectly  inelastic.  All 
bodies  possess  some  degree  of  elasticity,  however  small ;  but  some 
bodies,  such  as  the  gases,  for  example,  manifest  elasticity  in  so 
high  a  degree,  and  others,  such  as  the  liquids,  in  a  degree  com- 
paratively so  small,  that  not  only,  in  popular  language,  is  the  one 
considered  elastic  and  the  other  inelastic,  but  it  has  been  found 
convenient  to  assume  hypothetically  these  two  qualities  of  per- 
fect elasticity  and  perfect  inelasticity  as  the  bases  of  those  divisions 
of  physical  science  in  which  the  laws  which  regulate  the  pheno- 
mena of  liquids  and  gases  are  discussed. 

It  has  been  already  shown,  however,  that  liquids  themselves 
admit  of  some  compression,  and  it  may  be  added  that  they  re- 
cover their  volume  with  a  force  sensibly  equal  to -the  compress- 
ing force  ;  and  to  this  extent,  and  in  this  sense,  they  are  there- 
fore perfectly  elastic. 

The  quality  of  elasticity  is  intimately  connected  with  that 
of  hardness  ;  so  much  so,  that  it  has  sometimes  been  said  that 
one  quality  is  proportional  to  the  other.  This  is,  however, 
erroneous.  Many  of  the  gums,  and  eminently  that  called 
caoutchouc,  are  highly  elastic,  and  yet  these  substances  are 
among  the  softest  of  the  solids.  The  elasticity  of  caoutchouc  is 
nearly  perfect,  and  yet  this  substance,  especially  when  it  is  warm, 
has  great  softness.  On  the  other  hand,  glass,  flint,  marble, 
ivory,  afford  examples  of  solids  in  which  hardness  is  combined 
with  great  elasticity. 

Putty,  wet  paste,  moist  clay,  and  similar  bodies  afford  ex- 
amples of  substances  nearly  deprived  of  elasticity.  The  figure 
of  any  of  these  may  be  changed  by  pressure  or  by  impact,  and 
no  tendency  to  recov^er  the  figure  so  changed  is  perceptible. 

Sound,  as  will  be  explained  hereafter,  is  produced  by  vibra- 
tion imparted  to  the  air  by  some  solid  body  which  is  itself  in  a 
state  of  sympathetic  vibration.  It  is  obvious,  therefore,  that  the 
metals  best  suited  for  bells,  and  other  forms  of  matter  intended 
to  produce  sound,  must  be  those  which  are  most  elastic. 

The  hardness  and  elasticity,  and  several  other  physical  pro- 
perties, of  metals  are  affected  in  a  striking  manner  by  their 
combination-  It  often  happens  that  two  metals,  neither  of 
which  is  eminently  hard  or  elastic,  produce  by  their  combina- 
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tion  in  certain  proportions,  one  which  possesses  these  qualities 
in  a  high  degree.  Thus,  beUs  formed  of  pure  copper,  or  of  pure 
tin,  will  have  little  sonorous  quality  ;  but  if  these  two  metals 
be  united  in  a  certain  proportion,  their  combination  will  give  a 
beautiful  musical  sound.  The  compoimd  of  the  two  metals 
which  has  this  quality  is  accordingly  known  as  hell  metal, 

47.  Flexibility  and  biittleness. — When  a  body  easily  yields, 
and  changes  its  form  in  obedience  to  a  force  exerted  at  right 
angles  to  its  length,  as,  for  example,  when  a  bar  being  supported 
at  the  middle  is  pressed  upon  the  ends,  it  is  said  to  be  flexible  ; 
but  if,  upon  the  action  of  such  a  force,  instead  of  yielding  and 
changing  its  form,  it  breaks,  it  is  said  to  be  brittle. 

Flexibility  and  brittleness  are  specific  qualities  which  bodies 
possess  in  an  infinite  variety  of  degrees. 

In  general,  brittleness  is  connected  with  hardness,  but  is 
not,  as  has  been  shown  in  art.  45,  and  as  might  at  first  appear, 
at  all  inconsistent  with  certain  forms  of  elasticity.  Glass,  for 
example,  which  is  highly  elastic,  is  also  one  of  the  most  brittle 
of  known  substances.  Brittleness,  like  hardness  and  elas- 
ticity, is  a  quality  which  the  same  body  may  acquire,  or  be 
deprived  of,  according  to  certain  conditions  to  wliich  it  may 
be  subjected.  Thus,  the  metals  iron,  steel,  brass,  and  copper, 
if  they  be  heated  and  suddenly  cooled,  by  being  plunged  in 
cold  water,  will  become  brittle ;  but  if,  when  heated,  they  are 
buried  in  a  hot  sand-bath,  and  allowed  to  cool  very  gradually, 
then  they  will  lose  their  brittleness,  and  acquire  the  contrary 
quality  of  flexibility. 

48.  Malleability. — This  is  a  quality  by  which  the  metals  in 
general  are  eminently  distinguished,  but  which  they  possess  in 
extremely  different  degrees.  It  is  a  property  in  virtue  of  which 
a  substance  admits  of  being  reduced  to  thin  plates  or  leaves 
under  the  blow  of  a  hammer,  or  the  intense  pressure  of  rollers. 
No  process  is  of  more  extensive  use  in  the  arts.  In  large  iron 
works,  great  lumps  of  metal  at  a  white  heat,  but  still  solid,  are 
taken  from  the' furnace,  stuck  upon  the  end  of  a  long  bar  of  iron, 
and  placed  under  a  sledge  hammer  of  enormous  weight,  which 
rapidly  strikes  them,  and  reduces  them  to  an  elongated  form 
approaching  to  that  of  an  iron  bar.  The  metal,  being  still  red 
hot,  is  then  passed  between  rollers,  which  are  formed  to  the 
shape  of  the  transverse  section  of  the  rails  used  on  our  railways. 
When  pressed  between  and  drawn  through  these  rollers,  the  rail 
has  acquired  its  proper  form,  but  is  still  red  and  soft ;  and  when 
received  from,  the  rollers  is  so  flexible,  that  it  bends  by  its  own 
weight  like  a  rod  of  wax.    It  is  then  laid  on  a  flat  surface,  where 
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it  coob  and  hardens,  and  assumes  the  condition  of  the  rails  on 
which  we  travel. 

The  malleability  of  bodies  depends  on  the  combination  in 
them  of  the  qualities  of  tenacity  and  softness.  Without  soft- 
ness, they  could  not  yield  either  to  the  impact  of  the  hammer 
or  the  pressure  of  the  roller ;  without  tenacity,  they  would  be 
fractured  by  the  severe  process  of  their  fabrication. 

The  most  malleable  of  the  metals  are  gold,  silver,  iron,  and 
copper. 

The  malleability  of  a  metal  varies  in  degree  according  to  its 
temperature.  There  are  certain  temperatures  in  which  this 
quality  exists  in  the  highest  degree.  Iron  is  most  malleable 
when  it  first  attains  the  white  heat  which  follows  the  red  ;  zinc 
becomes  malleable  at  a  much  lower  temperature,  possessing  this 
quality  in  the  greatest  degree  between  303°  and  400°  on  Fahren- 
heit's scale.  Some  metals  possess  the  quality  of  malleability  in 
so  slight  a  degree  as  to  be  in  this  respect  specifically  different 
from  metals  in  general :  among  them  may  be  mentioned  anti- 
mony, arsenic,  bismuth,  and  cobalt,  all  of  which  are  brittle. 
The  metals  may  be  rendered  brittle  as  they  are  rendered  hard, 
by  being  heated  and  then  suddenly  cooled,  in  which  case  they 
lose  th^ir  malleability.  This  quality,  however,  may  always  be 
restored  by  again  heating  them  and  cooling  them  gradually,  as 
before  described. 

49.  iLnnealingr. — This  process  of  gradual  cooling,  which  is 
of  great  importance  in  the  arts,  is  called  annealing. 

Metals  are  also  rendered  brittle,  and  deprived  of  their  mal- 
leability, by  constant  hammering.  Thus,  a  bar  of  iron  may  be 
hammered  until  it  entirely  loses  its  flexibility.  In  this  ca8e,  as 
before,  the  malleability  may  be  restored  by  heating  and  an- 
nealing. 

50.  'Weldlngr- — Metals  which  are  highly  malleable  admit  of 
being  imited,  piece  to  piece,  by  the  process  called  welding.  In 
this  process,  the  two  pieces  of  metal  are  raised  to  that  heat  at 
which  they  are  most  malleable,  and  the  ends  being  laid  one  upon 
the  other,  are  rapidly  beaten  by  a  welding-hammer.  The  par- 
ticles are  thus  driven  into  such  intimate  contact,  that  they 
cohere,  and  form  one  uniform  mass.  Different  metals  may  in 
some  cases  be  thus  welded  together. 

51.  BnctlUty. — The  property  in  virtue  of  which  a  metal 
admits  of  being  drawn  into  wire,  is  called  diictiMy,  This  quality 
is  also  eminently  specific,  being  possessed  by  some  sorts  of  metal 
in  a  very  high  degree,  while  others  are  entirely  destitute  of  it. 

Ductility  is  a  quality  which  must  not  be  confounded  with 
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malleability ;  for  the  same  metals  are  not  always  ductile  and 
malleable,  or,  at  least,  do  not  possess  these  qualities  in  the  same 
degree.  Iron  possesses  ductility  in  a  much  greater  degree  than 
it  possesses  malleability,  for  it  admits  of  being  drawn  into  ex- 
tremely fine  wire,  though  it  cannot  be  beaten  into  extremely  thin 
plates.  Tin  and  lead,  on  the  other  hand,  are  highly  malleable, 
being  capable  of  being  reduced  to  extremely  attenuated  leaves ; 
but  they  are  not  ductile,  since  they  cannot  be  drawn  into  small 
wire.  Gold  and  platinum  possess  bojbh  ductility  and  mallea- 
bility in  a  high  degree.  Gold  has  been  drawn  into  wire  so  fine 
that  180  yards'  length  of  it  did  not  weigh  more  than  one  grain, 
and  an  ounce  weight  would  consequently  extend  over  fifty 
miles. 

'  52.  Tenficity. — The  property  in  virtue  of  which  a  body  re- 
sists the  separatipn  of  its  parts,  by  extension  in  the  direction  of 
its  length,  is  called  tenacity.  This  manifestation  of  strength  must 
be  carefully  distinguished  from  that  of  which  the  absence  or 
feebleness  is  expressed  by  brittleness.  The  one  form  of  strength 
may  exist  in  the  highest  degree  in  a  body  in  which  the  other  is 
in  the  lowest  degree.  A  thin  rod  of  glass,  if  laid  at  its  middle 
point  on  any  support,  will  be  broken  by  the  slightest  force  press- 
ing on  its  ends  ;  but  the  same  rod,  if  suspended  by  one  end  in 
a  vertical  position,  will  sustain  an  immense  weight  attached  to 
the  lower  end  without  being  broken.  It  has  at  once  great  brittle- 
ness and  great  tenacity ;  while  its  longitudinal  strength  is  con- 
siderable, its  lateral  strength  is  almost  nothing.    • 

Difierent  bodies  vary  extremely  in  their  tenacity.  Experi- 
ments have  been  made  on  an  extensive  scale  for  determining 
the  tenacity  of  those  bodies  most  used  in  the  arts.  The  tenacity 
of  metals  has  been  tested  by  suspending  a  weight  from  the  end 
of  a  wire. 

In  the  following  table,  the  greatest  weights  are  given  which 
were  found  to  be  supported  by  wires  of  the  difierent  metals, 
having  a  diameter  of  ^tlMo*^  ^^  *^  ^^^* 


Weights  snpported- 

Weights  supported. 

iron     . 

.     549*250  lbs. 

Gold    . 

.      150-173  lbs. 

Copper 

.     302-278    „ 

Zinc     , 

.      109-540    ,, 

Platinum 

.     274320    „ 

Tin       , 

^        34-630    „ 

Silver 

.     187-137    „ 

Lead.    . 

.        27-621     „ 

The  process  of  annealing,  which  improves  the  malleability 
and  ductility  of  metals,  is  foimd  in  some  cases,  as,  for  example, 
in  iron,  copper,  and  the  combinations  of  zinc  and  copper,  to 
diminish  their  tenacity.     In  organised  substances,  those  which 
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possess  a  fibrous  texture  have  greater  tenacity  than  those  of 
cellular  tissue.  Hence,  we  find  that  cotton  has  much  less  tena- 
city than  thread,  rope,  or  silk. 

L'AbM  Labillardi^re  found  that  threads  of  the  following 
substances,  having  the  same  diameter,  were  capable  of  support- 
ing weights  in  the  proportion  of  the  annexed  numbers : — 

Silk 3400 

New  Zealand  Flax 2380 

Hemp 1633 

Flax  (common) 1175 

Ditto  (Pita)  {Agave  Ameiicana)  .         .         .  700 

53.  Cliemioal  properties. — There  is  an  endless  variety  of 
specific  properties  of  bodies,  the  exposition  and  investigation  of 
which  belong  properly  to  chemistry.  It  will  be  sufficient  here 
to  notice  briefly  the  distinctions  between  these  qualities  and 
those  which  form  the  proper  subjects  of  physics. 

K  two  substances,  being  mixed  together,  retain  respectively 
their  separate  qualities,  the  combination  is  said  to  be  a  mechanical 
ijiixture.  Thus,  if  blue  and  yellow  powders  be  mingled  together, 
the  mixture  will  appear  green ;  but  on  examining  it  with  a 
microscope,  it  wiH  *ppear  to  consist  of  large  specks  of  matter 
of  the  colours  blue  and  yeHow,  these  being  the  particles  of  the 
separate  powders  retaining  their  distinctive  qualities,  which  are 
mechanically  mingled.  The  combination  produces  upou  the  eye 
a  green  colour,  the  effect  of  the  separate  particles  being  too 
minute  to  be  separated  by  unassisted  vision. 

There  are  two  gases,  called  oxygen  and  hydrogen,  which  have 
tjie  common  mechanical  properties  of  atmospheric  air.  If  one 
ounce  weight  pf  hydrogen  be  mingled  with,  eight  ounces  of 
oxygen,  the  gases  will  interfuse  and  mingle ;  but  the  entire  mass 
will  retain  the  same  mechanical  qualities  as  before,  and  the 
separate  articles  will  remain  side  by  side  in  the  mixture,  exactly 
as  did  the  particles  of  blue  and, yellow  powder  in^the  preceding 
example.  But  if  an  electric  spark  be  passed  through  this  mix- 
ture, a  striking  change  will  take  place.  The  mixture  wiH  m  an 
Instant  be  reduced  to  water,  or  rather  to  vapour,  which,  being 
cooled,  will  be  soon  converted  into  water.  In  fact,  the  oxygen 
has  in  this  case  chemically  united  with  the  hydrogen,  and  the 
mass  has  lost  the  mechanical  qualities  which  it  possessed,  and 
has  acquired  those  of  the  liquid  water.  This  change  constitutes 
a  Themioal  phenomenon.  .   . 

There  is  a  metal  called  sodium,  and  a  gas  called  chl(yi^ney  each 
of  which,  separately,  is  destructive  of  life,  if  taken  into  the 
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stomach  or  lungs.  If  these  two  substances  be  brought  to- 
gether, they  immediately  combine  and  burst  into  flame.  If 
the  substance  resulting  from  this  be  preserved  and  cooled,  it 
will  be  found  to  be  common  kitchen  salt,  one  of  the  most 
wholesome  condiments,  and  highly  antiputrescent.  Thus, 
two  ingredients  possessing  the  most  noxious  properties,  when 
.  combined  chemically,  lose  those  properties,  and  produce  a  sub- 
stance wholly  different  from  either  of  them  in  form  and  physical 
as  weU  as  chemical  qualities. 

The  investigation  of  this  and  all  similar  phenomena  belongs 
to  the  province  of  chemistry,  which  deals  with  all  those  pheno- 
mena which  are  attended  by  a  change  of  one  or  more  of  the 
materials  employed  into  new  substances.  On  the  other  hand, 
all  material  phenomena  which  are  manifested  without  a  loss  of 
identity  in  the  substances  involved,  belong  to  the  province  of 
Physics. 


Digitized 


by  Google 


38 


BOOK    THE   SECOND. 

FORCE  AND  MOTION. 


CHAPTER  V. 

DfEKTIA. 


54.  AXt  matter  inert. — ^The  quality  of  matter  which  stands 
foremost  in  importance  in.  all  mechanical  inquiries,  forming  the 
basis  of  the  whole  theory  of  force  and  motion,  is  inactivity  or 
inertia;  and  important  as  this  quality  is,  there  is  perhaps 
nothing  that  has  given  rise  to  so  many  erroneous  conceptions. 

These  errors  have  chiefly  arisen  from  the  adoption  of  an 
ambiguous  phraseology  on  the  part  of  many  writers  on  physics. 

55.  Inertia. — At  any  given  moment  of  time  a  body,  me- 
chanically considered,  must  be  in  one  or  other  of  the  two  states, 
rest  or  motion.  Inertia  or  inactivity  is  the  total  absence  of  all 
power  in  the  body  to  change  its  state.  If  the  body  be  at  rest, 
it  cannot  put  itself  in  motion;  if  the  body  be  in  motion,  it  can 
neither  change  that  motion  nor  reduce  itself  to  rest.  Any 
suck  change  must  be  produced  from  some  external  cause  inde- 
pendent of  the  body. 

The  phrase  vis  inerticBy  or  force  of  resistance,  used  in  many 
treatises  on  physics,  has  been  a  fertile  source  of  error.  Such  a 
phrase  implies  a  disposition  in  matter  to  resist  being  put  in 
motion  when  at  rest.  Now  no  such  disposition  is  found  to 
exist ;  and  if  it  did  exist,  it  would  be  as  utterly  incompatible 
with  the  quality  of  inactivity  as  is  the  power  to  produce  spon- 
taneous motion. 

Innumerable  effects  which  fall  daily  under  our  observation 
prove  to  us  the  inability  of  mere  matter  when  at  rest  to  put 
itself  in  motion,  or  when  in  motion  to  augment  its  speed ;  but, 
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on  the  other  hand,  we  have  not  the  same  direct  and  manifest 
evidence  of  its  inability  to  destroy  or  diminish  any  motion  which 
it  may  have  received  ;  and  it  happens,  therefore,  that  while  few 
will  deny  to  matter  the  former  eflfect  of  inertia,  many  will  at 
first  doubt  or  fail  to  comprehend  the  latter. 

Philosophers  themselves,  so  late  as  the  epoch  signalised  by 
the  writings  of  Bacon,  held  it  as  a  maxim  that  matter  is  more 
inclined  to  rest  than  to  motion ;  and  this  being  so,  we  cannot 
be  surprised  to  find  those  who  have  not  been  familiar  with 
physical  science  still  slow  to  believe  that  a  body  once  put  in 
motion  would  continue  for  ever  to  move  in  the  same  direction 
and  with  the  same  speed,  unless  stopped  by  some  external 
cause. 

But  a  careful  examination  of  the  circumstances  which  aflfect 
the  movement  of  the  bodies  aroimd  us  with  which  we  are  most 
familiar  will  soon  convince  us  that,  in  every  case  in  which  we 
observe  the  motion  of  those  bodies  gradually  diminished,  or  en- 
tirely destroyed,  such  eflfects  arise,  not,  as  has  been  erroneously 
supposed,  from  any  natural  disposition  of  the  bodies  themselves 
to  be  retarded  or  brought  to  rest,  but  from  the  operation  of 
causes  of  which  there  is  no  difficulty  in  rendering  an  account. 

In  some  works  on  physics  an  experiment  is  mentioned  as  an 
example  of  the  effect  of  inertia,  and  often  explained  on  prin- 
ciples somewhat  erroneous.  A  card  being  placed  on  the  top  of 
the  finger,  and  a  coin  placed  on  the-  card,  a  sudden  blow  being 
given  with  the  back  of  the  nail  to  the  edge  of  the  card,  it  will 
be  projected  from  its  place  between  the  coin  and  the  finger, 
the  coin  remaining  unmoved  on  the  finger. 

This  has  been  explained  by  stating  that  the  inertia  of  the 
coin  is  comparatively  so  great,  that  the  friction  produced  between 
it  and  the  card  is  insufficient  to  move  it  from  its  place. 

If  by  these  words  it  be  imderstood  that  the  coin  resists  the 
force  exerted  upon  it  by  means  of  the  friction,  it  is  erroneous, 
and  would  be  incompatible  with  that  quality  of  inertia  to 
which  the  effect  is  ascribed.  , 

'  The  correct  explanation  of  the  experiment  is  as  follows.  A 
part  of  the  momentum  given  to  the  card  by  the  blow  is  com- 
municated to  the  coin  in  consequence  of  the  resistance  to  the 
motion  of  the  card  produced  by  the  friction  which  takes  place 
between  it  and  the  coin.  But  the  coin  contains  comparatively 
so  much  matter,  that  this  moving  force,  when  distributed 
among  its  component  particles,  which  it  will  necessarily  be,  will 
give  to  the  whole  coin  a  velocity  in  the  direction  of  the  motion 
of  the  card  incomparably  smaller  than  that  of  the  card,  and  so 
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small  that  the  resultant  of  the  forces  produced  by  the  weight  of 
the  coin  upon  the  finger  and  this  force  scarcely  deviates  from 
the  direction  of  the  weight  of  the  coin  :  consequently,  although 
the  coin  remains  on  the  finger,  it  does  not  remain  precisely  in 
the  same  position  over  the  finger  which  it  had  when  it  rested  on 
the  card  ;  its  position  will  be  changed  in  a  slight  degree  in  the 
direction  of  the  motion  of  the  card. 

When  a  stone  is  rolled  along  4he  surface  of  the  ground,  the 
inequalities  of  its  form,  as  well  as  those  of  the  ground  on  which 
it  moves,  present  impediments  which  gradually  retard  its  move- 
ment, and  soon  bring  it  to  rest.  Render  the  stone  round  and 
smooth,  and  the  ground  level,  and  the  motion  will  be  con- 
siderably prolonged  ;  a  much  longer  interval  will  elapse,  and  a 
much  greater  space  will  be  traversed,  before  it  will  come  to  rest. 
But  asperities  more  or  less  considerable  will  still  remain  on  the 
surface  of  the  stone,  and  on  the  surface  of  the  ground.  Substi- 
tute for  it  a  ball  of  highly  polished  metal,  moving  on  a  highly 
polished  steel  plane  truly  level,  and  then  the  motion  will  con- 
tinue for  a  very  long  time. 

But,  even  in  this  case,  asperities  will  remain  on  the  surface 
of  the  moving  body,  as  well  as  on  the  surface  on  which  it 
moves,  which  will  gradually  destroy  the  motion,  and  ultimately 
bring  it  to  rest. 

But,  independently  of  the  obstructions  to  the  motion  of 
bodies  arising  from  the  friction  of  the  surfaces  which  move  in 
contact  with  each  other,  all  motions  which  take  place  on  or 
near  the  surface  of  the  earth  are  necessarily  made  in  the  fluid 
medium  of  the  atmosphere.  This  fluid,  however  attenuated, 
still  offers  considerable  resistance  to  the  motion  of  bodies 
through  it.  An  extensive  flat  surface  spread  at  right  angles  to 
the  direction  of  the  motion  will  thus  meet  a  powerful  resistance. 
•  This  resistance  arises  from  the  body  moved  being  compelled 
to  push  out  of  its  way  a  volume  of  air  proportional  to  the 
extent  of  the  surface  which  the  body  presents  in  the  direction 
of  the  motion.  If  on  a  calm  day  an  open  umbrella  be  carried 
with  its  concave  surface  presented  in  the  direction  in  which  we 
are  moving,  a  powerful  resistance  will  be  encountered,  which 
will  increase  with  every  increase  of  speed. 

56.  Proofs  and  Examples  of  Inertia. — As  these  causes  of 
resistance  to  the  motion  of  bodies  are  everywhere  present  on 
and  near  the  surface  of  the  earth,  we  are  unable,  by  direct  ex- 
periment, to  establish  the  proposition  that  a  body  when  once 
put  in  motion  would  continue  for  ever  to  move  in  the  same 
direction,  and  with  the  same  speed,  if  undisturbed  ;  but  astro- 
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nomical  observations  supply  an  immense  mass  of  evidence  to 
establish  this  principle.  In  the  heavens  we  find  a  vast  appa- 
ratus, every  movement  of  every  part  of  which  establishes  incon- 
trovertibly  the  inertia  of  matter,  inasmuch  as  the  reasoning  by 
which  all  these  motions  are  explained,  and  by  which  all  these 
phenomena  are  predicted,  is  based  upon  the  fundamental  prin- 
ciple of  the  complete  inertia  of  matter.  The  celestial  bodies, 
removed  from  all  the  casual  obstructions  and  resistances  on 
the  surface  of  the  globe  which  disturb  our  reasoning,  roll  on 
in  their  appointed  paths  with  unerring  regularity,  preserving 
undiminished  all  that  motion  which  they  received  at  their 
creation  from  the  hand  which  launched  them  into  space. 
These  phenomena  alone,  unsupported  by  other  reasoning,  would 
be  sufficient  to  establish  the  quality  of  inertia ;  but,  viewed 
in  connection  with  the  other  circumstances  already  mentioned, 
and  with  the  whole  super-structure  of  mechanical  science, 
leading  to  innumerable  truths  verified  by  daily  and  hourly  ex- 
perience, no  doubt  can  remain  that  this  important  principle  is 
a  universal  law  of  nature. 

The  following  examples  wiH  illustrate  the  quality  of  inertia: — 

If  a  horse  or  a  vehicle  of  any  kind  moving  with  considerable 
speed  be  suddenly  stopped  by  any  cause  which  does  not  at  the 
same  time  affect  the  rider  or  those  who  are  transported  by  the 
vehicle,  then  the  body  of  the  rider,  or  those  who  are  trans- 
ported, still  retaining  the  progressive  motion  of  which  the  horse 
or  vehicle  is  suddenly  deprived,,  will  be  .projected  forwards  ;  and 
unless  some  means  of  resistance  be  adopted,  the  rider  will  be 
thrown  over  the  head  of  the  horse,  and  the  passengers  thrown 
forwards  from  the  vehicle. 

In  the  same  manner,  if  a  horse  or  vehicle  being  at  rest 
be  suddenly  started  forwards  with  considerable  speed,  the  rider, 
or  the  persons  placed  upon  the  vehicle,  not  being  as  suddenly 
affected  by  the  same  forward  motion  will  be  thrown  backwards. 

In  both  these  cases  the  effects  are  the  consequence  of  the 
quality  of  inertia.  In  the  one  case  they  manifest  the  tendency 
of  the  bodies  to  continue  the  motion  they  have  already  received, 
and  in  the  other  they  manifest  the  disposition  of  the  same 
bodies  to  continue  at  rest. 

If  a  passenger  in  a  carriage  which  moves  with  considerable 
speed  leap  to  the  ground,  he  will  fall  in  the  direction  in  which 
the  carriage  is  moving ;  for  in  descending  to  the  ground  his 
entire  body  will  still  retain  all  the  progressive  motion  which  it 
had  in  common  with  the  carriage.  When  his  feet  touch  the 
ground,  they  and  they  alone  will  be  suddenly  deprived  of  this 
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progressive  motion,  which  being  retained  by  the  remainder  of 
his  body,  he  will  fall  as  if  he  were  tripped  by  some  object 
impeding  his  motion,  in  the  direction  of  tlie  carriage. 

The  sport  of  coursing  presents  many  amusing  and  instructive 
examples  of  the  force  of  inertia.  From  the  movements  of  the 
hare,  one  might  suppose  that  it  is,  indeed,  an  expert  me- 
chanical philosopher.  The  hound  which  pursues  it  being  a 
comparatively  heavy  body,  and  moving  at  the  same  or  a  greater 
speed,  cannot  suddenly  arrest  its  course,  because,  in  virtue  of 
its  inertia,  it  has  a  tendency  to  proceed  forward  in  the  same 
straight  line.  The  hare,  a  comparatively  light  body,  and  more- 
over being  prepared  for  the  evolution,  first  gradually  retards 
its  motion  so  as  to  diminish  the  effects  of  inertia,  and  at  the 
moment  when  the  hound,  urged  to  its  extreme  speed,  is  in  the 
act  of  seizing  the  game,  the  hare  dexterously  turns  at  an  acute 
angle  to  its  former  course,  leaving  the  hound  propelled  forwards 
in  the  direction  in  which  it  was  previously  moving. 

Thus,  if  the  line  a  b  {fig.  3)  represent  the  direction  in  which 
the  hound  was  pursuing  the  hare,  the  hare,  having 
arrived  at  the  point  c,  suddenly  turns  in  the  direc- 
tion c  D  ;  while  the  hound,  unprepared  for  the  trick, 
and  hurried  forward  by  the  inertia  of  its  motion,  is 
carried  on  in  the  direction  a  b  to  the  point  b,  while 
the  hare  has  passed  along  the  line  c  d  to  the  point  d. 
The  distance  now  between  the  hound  and  the  hare 
is  the  line  b  d,  the  base  of  the  obtuse  angle  formed 
by  two  lines,  c  b  and  c  d,  simultaneously  moved  over 
by  the  hound  and  the  hare. 

On  a  larger  scale  inertia  finds  many  useful  appli- 
cations.    Thus,  in  the  com  warehouses  in  Liverpool,  the  corn 


Fig.  3- 


is  carried  upon  a  flat  plain  band,  1 8  inches  broad,  and  made  of 
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canvas  or  indiarubber.  The  point  to  be  observed  is  the  method 
of  diverting  the  grain  from  one  path  into  another  during  its 
passage.  At  the  point  where  the  change  of  path  occurs,  the 
carrying  band  D  e  is  bent  a  little  upwards,  as  shown  at  b  in 
Jig,  4.  The  result  is  that  the  stream  of  grain  retains  the  velo- 
city which  is  given  to  it  by  the  band,  and  is  carried  forward 
in  a  jet  over  the  top  of  b,  just  as  if  it  were  a  stream  of  water. 
The  spout  c  diverts  the  com  into  a  new  channel,  and  may  pass 
it  on  to  another  travelling  band  for  transport  in  a  new  direction. 


CHAPTER  VI. 

THE  COMPOSITION  AND  RESOLUTION  OF   FORCES. 

57.  Befinitioii  of  force. — Any  agency  or  cause,  which  modi- 
fies or  tends  to  modify  the  state  of  rest  or  motion  of  a  body  is 
called  a  Force. 

To  determine  a  force  with  precision,  three  things  are  neces- 
sary : 

Firstr,  the  point  of  the  body  to  which  it  is  applied,  technically 
called  its  point  of  application;  Secondly,  its  intensity,  or  magni- 
tvde ;  and  Thirdly,  its  direction, 

58.  Force  expressed  by  weigrbt. — It  is  in  general  con- 
venient and  customary  to  express  the  intensity  or  magnitude  of 
forces  by  equivalent  weights.  Weight  is  the  kind  of  force  with 
which  we  are  most  familiar.  Everyone  is  acquainted  with  the 
effect  produced  by  the  pressure  of  a  given  weight ;  and  whatever 
be  the  force  whose  intensity  or  magnitude  it  is  required  to 
express,  a  weight  may  be  named  which  would  produce  the  same 
effect.  Thus,  if  a  piece  of  iron,  attracted  by  a  magnet,  be  re- 
sisted by  any  surface,  it  will  press  against  this  surface  with  a 
cert^n  force.  A  weight  may  in  this  o4se  be  named,  which, 
being  placed  in  the  dish  of  a  balance,  would  press  upon  the  sur- 
face of  the  dish  with  the  same  force.  The  intensity  of  the  at- 
traction of  the  magnet  on  the  iron  would  then  be  expressed  by 
the  amount  of  such  an  equivalent  weight. 

59.  Birectton. — ^When  a  force  applied  to  any  point  of  any 
body  causes  that  point  to  move,  the  direction  of  its  motion  is 
the  direction  of  the  force.     If  the  force  do  not  produce  motion. 
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but  mere  pressure,  then  the  direction  of  the  force  is  that  in 
which  the  pressure  is  directed,  and  in  which  the  point  would 
move  in  obedience  to  the  force,  if  it  were  free. 

60.  Forces  in  saine  direction. — If  two  or  more  forces  act 
upon  the  same  point,  and  in  the  same  direction,  their  effect  will 
be  equivalent  to  a  single  force  which  is  equal  to  their  sum.  This 
is  so  self-evident  that  it  scarcely  needs  demonstration. 

If  a  vehicle  be  drawn  by  three  horses,  one  placed  before  the 
other,  one  horse  pulling  with  a  force  of  80,  another  with  a  force 
of  60,  and  the  third  with  a  force  of  40  lbs.,  then  the  combined 
action  of  the  three  horses  ppon  the  vehicle  will  be  equal  to  the 
action  of  a  single  horse  which  should  pull  with  a  force  of  180 
lbs.,  which  is  equal  to  80  lbs.  +  60  lbs.  +  40  lbs. 

61.  Resultant  fdroe. — ^A  single  force  acting  on  a  body  which 
would  thus  produce  the  same  motion  or  pressure  as  several  forces 
acting  together,  is  called  technically  the  resultant  of  these  forces. 
Thus,  in  this  preceding  example,  the  force  of  180  lbs.  acting  on 
the  vehicle  in  the  same  direction  as  the  bhree  independent  forces 
of  80  lbs.,  60  lbs.,  and  40  lbs.,  is  the  resultant  of  those  three. 

62.  Opposite  forces. — If  two  forces  act  upon  a  body  in 
opposite  directions,  then  the  lesser  of  these  forces  will  neuti^se 
so  much  of  the  greater  as  is  equal  to  its  own  quantity,  and  an 
effective  force  will  remain  in  the  direction  of  the  greater,  equal 
to  their  difference.  This  is  also  self-evident.  If,  for  example, 
a  vehicle  be  pulled  backwards  by  a  weight  of  icx)  lbs.  acting 
over  a  pulley,  and  that  it  be  drawn  forwards  by  a  horse  acting 
with  a  force  of  150  lbs.,  then  100  lbs.  of  the  horse's  force  will 
be  neutralized  by  the  weight  which  draws  the  vehicle  backwards, 
and  an  effective  force  of  50  lbs.  will  remain  in  the  direction  of 
the  horse's  traction. 

This  principle  is  stated  generally  by  saying  that  the  resultant 
of  two  forces  applied  to  the  same  point  in  opposite  directions  is 
equal  to  their  difference  and  acts  in  the  direction  of  the  greater. 

If  any  number  of  forces  act  upon  the  same  point,  some  in 
one  direction,  and  the  others  in  the  direction  immediately 
opposed  to  it,  then  iiio  resultant  of  such  a  combination  of 
forces  will  be  found  by  taking  the  difference  between  the  sum 
cl  all  the  forces  which  adt  in  tte  one  direction,  and^the  sum  of 
all  the  forces  which  act  in  the  other  direction,  the  direction 
of  such  resultant  being  tli^t  of  the  forces  whose  sum  is  the 
greater.  \ 

63.  Forces  in  different'  directions. — When  two  forces 
applied  to  the  same  point  act  in  the  directions  of  different  and 
diverging  straight  lines,  such  as  a  x  and  a  y  {fig.  5),  then  the 
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direction  and  magnitude  of  their  resultant  is  not  so  evident  as 
in  the  case  just  mentioned.  It  is  indeed  apparent  that  the  com- 
bined effect  of  two  such  forces  on  the  point  a  must  be  motion 
in  some  direction,  such  as  A  z,  intermediate  between  a  x  and 
A  Y ;  but  how  this  direction  a  z  divides  the  angle  formed  by  the 
two  components  is  not  apparent. 


Fig.  S.  Fig.  6. 

The  following  example,  in  which,  as  usual,  weights  are  used 
to  represent  the  forces  in  question,  will,  however,  elucidate 
this. 

Let  two  weights  a  and  b  (fig.  6)  be  attached  to  the  extremi- 
ties of  a  flexible  cord  which  passes  over  two  pulleys,  m  and  n. 
Let  another  cord  be  knotted  to  this  at  any  intermediate  point, 
such  as  p  ;  and  let  a  third  weight  c  be  suspended  from  it.  The 
weight  c  will  then  draw  the  cord  which  unites  a  and  b  into  an 
angle  m  p  n.  The  system  after  some  oscillations  will  come  to 
rest,  and  when  it  is  at  rest  it  will  be  evident  that  the  point  p  is 
solicited  by  three  forces ;  ist,  by  the  weight  A  acting  in  the 
direction  of  the  line  p  m  ;  2ndly,  by  the  weight  b  acting  in  the 
direction  p  sr ;  and  jrdly^  by  the  weight  c  acting  in  the  direction 
of^the  line  p  c. 

Now,  it  is  evident  that  the  wet^t  c  acting  in  the  direction 
p  c  would  equilibrate  with  an  equal  force  acting  in  the  opposite 
direction  p  c.  Since,  then,  the  weight  c  would  precisely  coun-  . 
torpoise  an  equal  weight  in  the  direction  of  p  c,  and  that  it  is 
also  in  equilibrium  with  the  weights  a  and  b,  which  act  in  the 
directions  p  m  and  p  n  respectively,  it  follows  that  the  resultant 
of  the  forces  A  and  b  acting  in  the  directions  p  m  and  p  n  will 
be  a  single  force  equal  to  c  actiijg  in  ihe  direction  p  c. 

It  now  remains  to  show  in  what  manner  this  direction  of  the 
resultant  of  the  two  diverging  forces  m  and  n  is  connected  with 
their  magnitudes. 

Let  us  suppose,  for  example,  that  the  weight  a  is  6  oz.,  the 
weight  B  4  oz.,  and  the  weight  c  6Joz.  If,  then,  we  take  upon 
the  line  p  o  a  distajicQ  p  c  of  6J  inches,  and  if  we  draw  two  lines, 
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one  c  a  parallel  to  p  n,  and  the  other  c  h  parallel  to  p  h,  so  as  to 
fonn  a  parallelogram  p  a  c  6,  we  shall  find,  on  measuring  the 
side  p  a,  that  it  is  6  inches,  and  on  measuring  the  side  p  b,  that 
it  is  4  inches. 

64.  VanOlelofrttm  of  foreea. — Hence  it  appears,  that  while 
the  diagonal  p  c  consists  of  as  many  inches  as  there  are  ounces 
in  the  resultant  of  the  two  forces,  the  sides  of  the  parallelogram 
which  are  in  the  direction  of  these  two  forces  respectively 
consist  of  as  many  inches  as  there  are  oimoen  in  these  two 
forces.  This  result  may  be  enimciated  in  general  terms  as 
follows  : 

If  two  forces  ticting  npo^i  the  same  point  he  represented  in  mag- 
nitude and  direction  by  two  lines  drawn  thro^t^h  that  poiiity  then 
the  re^Utant  of  such-  forces  will  be  represented^  in  magnitude  and 
direction  by  the  diagonal  of  the  parallelogram  of  which  these  lines 
are  the  adjacent  sides. 
The  proposition  here  established  by  experiment  is  of  the 
utmost  importance  in  all  mechanical  inves- 
tigations and  is  known  as  the  parallelogram 
of  forces.  Its  general  truth  may  be  inde- 
pendently demonstrated  from  the  first 
axioms  of  mechanics  in  the  following 
manner.  The  preliminary  assumption  ne- 
cessary for  the  proof  is  that  two  equal 
forces,  as  p  and  p'  in  fig,  7,  which  act  on 
a  particle  a,  have  their  resultant  in  the 
direction  of  the  line  R  which  bisects  the 
angle  p  a  p'.  This  is  obvious,  for  there  is 
no  reason  why  the  resultant  should  incline 
more  to  one  force  than  the  other.  But  as 
the  diagonal  of  a  parallelogram  with  equal 
sides  bisects  the  angle  between  them,  the 
proposition  as  far  as  the  direction  of  the 
resultant  is  concerned  will  hold  good  in 
this  case. 

Let  us  now  assume  that  the  proposition 

holds  good  for  two  forces,   p  and    g,  in 

fig,  8,  and  also  for  two  forces,  p  and  r.     It 

is  then  easy  to  show  that  it  must  also  hold  good  for  two  forces, 

p  and  g  +  r. 

Let  p  and  g  act  at  a  in  fig.  8  in  the  directions  ad  and  ab,  and 
be  represented  in  magnitude  by  these  lines  respectively.  We 
may  consider  the  force  r  to  be  applied  at  b,  a  point  in  its  direc- 
tion, and  let  bo  represent  its  magnitude.    Let  the  parallelogram 
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ADFO  be  completed,  also  be  be  made  parallel  to  ad,  and  the 
diagonals  ae,  af,  and  bf  be  drawn. 


Pig.  i. 

The  force  p  acting  in  ad,  and  ^  in  ab  are  by  hypothesis  equi- 
valent to  a  force  acting  in  ae,  which  we  may  suppose  to  act  at 
the  point  e  and  to  be  resolved  again  parallel  to  the  original 
directions  ;  we  have  then  a  force  p  acting  at  E  in  the  direction 
be,  and  a  force  q  acting  at  e  in  ef.  We  may  thus  suppose 
them  to  act  at  the  points  b  and  f  in  their  directions.  But  p  at 
b  in  BE,  and  r  at  b  in  bc  are  equivalent  to  a  force  in  bf  ;  there- 
fore we  may  suppose  all  the  forces  to  act  at  the  point  f,  parallel 
to  their  original  directions ;  and  it  fallows  that  F  must  be  a  point 
in  their  resultant ;  or  force  jp  at  a  in  ad,  and  forces  q  and  r  in 
AC  have  their  resultant  in  the  direction  of  the  diagonal  af. 

Now  our  assumption  is  true  when  q  and  r  are  each  equal  to 
p,  therefore  the  proposition  for  the  direction  of  the  resultant  is 
true  for  forces  p  and  2  p.    Again,  putting  q  =  2p,  r  =p,  it  is  true 


Tig.  9. 

for  forces  p  and  3  p,  and  so  on  for  p  and  np  ;  also  putting  np  for 
p,  and  q^p,r  =j9,  it  is  true  for  np  and  2^,and  so  on  for  all  com- 
mensurable forces.  We  see  also,  in  Jig.  9,  that  the  resultant 
Hes  nearer  to  the  greater  than  to  the  weaker  force  ;  and  if  one 
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of  the  two  forces  be  increased,  the  resultant  lies  still  nearer  to 
the  increased  force. 

If  the  forces  are  incommensurable,  the  proposition  still  holds 
good.     Let  A  B,  A  c  in  fig,   lo,  represent  the  incommensurable 

forces  ;  complete  the  parallelo- 
gram, and  draw  a  d  ;  then  a  d 
is  the  direction  of  the  resultant. 
If  not,  let  A  p  be  its  direction. 
Take  a  quantity,  a  m  which 
divides  a  b  without  remainder, 
and  being  applied  to  a  c  leaves 
a  remainder  less  than  d  e. 
Complete  parallelogram  ab  f  o, 
and  draw  the  diagonal  a  f. 
Now  A  B,  A  o,  represent  com- 
mensurable forces,  and  there- 
fore their  resultant  is  in  the 
direction  a  f  ;  but  A  e,  the  resultant  of  a  b  and  a  greater 
force,  is  nearer  a  b  than  the  resultant  of  a  b  and  the  less  force 
A  G,  which  is  impossible.  Similarly  it  can  be  proved  that  no 
other  direction  than  a  d  can  be  that  of  the  resultant. 

Next,  to  prove  that  the  diagonal  of  the  parallelogram  repre- 
sents the  magnitude  of  the  resultant  also,  when  the  sides  re- 
spectively represent  the  component  forces.  Let  p,  q,  e,  in^.  1 1 , 


Fig.  xo. 


Fig.  n. 

acting  in  the  direction  of  the  arrows,  keep  the  point  a  at  rest. 
Let  the  lines  a  d,  a  b,  a  f,,  represent  respectively  these  forces. 
Complete  the  parallelograms  a  o,  A  e,  and  draw  the  diagonals. 
The  resultant  of  any  two  of  the  forces  must  be  equal  in  magni- 
tude and  opposite  in  direction  to  the  third  force,  since  there  is 
eqiLilibrium.     Therefore  b  a  £,  oaf  are  straight  lines,    a  £  ia 
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parallel  to  c  d,  and  ac  is  parallel  to  d  e,  therefore  a  c  d  b  is  a 
parallelogram  ;  hence  a  0  =  D  e.  But  D  e  =  A  p  by  construction, 
and  since  ad,  ab,  represent  p,q,  the  force  a  c  represents  a  force 
equal  in  magnitude  to  r  and  opposite  in  direction,  and  therefore 
is  equal  in  direction  and  nCiagnitude  to  the  resultant  of  p  and  q. 
In  virtue  of  this  principle,  whenever  two  forces  in  different 
directions  act  upon  the  same  point  of  a  body,  a  single  force 
determined  as  above  by  the  diagonal  can  be  substituted  for  them 
without  changing  the  mechanical  state  of  the  body  ;  or,  on  the 
other  han'd,  if  a  single  force  act  upon  any  point  of  a  body,  two 
forces  acting  on  the  same  point  may  be  substituted  for  them, 
provided  such  forces  can  be  represented,  in  quantity  and  direc- 
tion, by  the  sides  of  a  parallelogram  whose  diagonal  represents 
in  magnitude  and  direction  the  single  force  for  which  they  are 
substituted.  The  former  process  is  called  the  composition  of 
forces,  while  the  substitution  of  two  or  more  forces  for  a 
single  force  is  called  the  resolution  of  forces. 

65.  Resultant  of  any  number  of  forces. — If  any  number 
of  forces  whatever  act  upon  the  same  point  of  a  body,  and  in 
any  directions  whatever,  a  single  force  can  always  be  assigned 
which  will  be  mechanically  equal  to  them,  and  will  therefore  be 
their  resultant.  After  what  has  been  established,  nothing  is 
more  easy  than  the  solution  of  this  question.  Let  the  several 
single  forces  supposed  to  act  upon  the  point  in  question  be  ex- 
pressed by  A,  B,  c,  D,  e,  &c.  1st.  Let  the  resultant  of  a  and  b 
be  found  by  the  principle  of  the  parallelogram  of  forces  explained 
above,  and  let  this  resultant  be  a'.  2nd.  Let  the  resultant  of 
a'  and  c  be  found  by  the  same  principle,  and  let  this  resultant 
be  b'.  3rd.  Let  the  resultant  of  b'  and  d  be  found,  and  let  this 
resultant  be  0' ;  and  so  on.  In  this  way  we  shall  finally  anive 
at  the  determination  of  a  single  force,  which  will  be  equivalent 
to,  and  will  therefore  be  the  resultant  of,  the  entire  system, 

66.  Forces  applied  at  dUferent  points. — In  what  precedes, 
we  have  supposed  the  forces  whose  combined  effects  are  to  be 
determined  as  applied  to  the  same  point  of  the  body  on  which 
they  act.  It  often  happens,  however,  that  the  forces  are  applied 
to  different  points.  We  shall  therefore  now  proceed  to  consider 
this  case  ;  and,  first,  we  shall  take  the  more  simple  condition 
under  which  the  forces  act  in  parallel  directions,  4 

67.  Parallel  forces. — ^Aa  before,  we  shall  consider  the  forces 
represented  by  weights. 

Let  p  and  p'  (Jig.  12)  be  the  points  to  which  the  two  forces 
in  question  are  applied,  and  let  these  two  forces  be  represented 
in  direction  by  parallel  cords  p  m  and  p'  m'  passing  over  pulleys. 
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and  let  them  be  represented  in  quantity  by  two  weights  a  and 
a'  suspended  from  these  cords.  Now  the  resultant  of  these  two 
weights  A  and  a',  or  the  single  force  which  would  be  equal  to 
them,  may  be  determined  by  means  precisely  similar  to  those 

which      we       have 


i 


Fig.  12. 


adopted  in  the  case 
of  diverging  forces 
— by  ascertaining 
where  a  single  force 
may  be  applied  and 
what  will  be  its 
amount,  so  as  to 
balance  the  two 
forces  A  and  A^. 

For  this  purpose, 
let  us  suppose  .a 
weight,  R,  to  be  sus- 
pended from  a  point, 
o,  between  p  and  p'. 
Instead  of  suspending  a  determinate  weight  upon  the  string 
carried  over  the  pulley  m,  let  ns  suppose  the  dish  of  a  balant^ 
to  be  suspended  there,  capable  of  receiving  any  heavy  matter 
which  may  be  placed  in,  it.  Things  being  thus  arranged,  let 
sand  be  poured  into  the  dish  A,  until  it  is  found  that  the  three 
weights  A,  a'  and  r  are  in  equilibrium.  Let  us  suppose,  for 
example,  that  the  weight  a'  is  6  oz.,  and  the  weight  r  io  oz. 
If  the  weight  of  the  sand  and  of  the  scale  which  bears  it  at  a  be 
ascertained,  it  will  be  found  to  be  4  oz. ;  and  it  therefore  follows 
that  the  sum  of  the  two  weights  at  a  and  a'  being  10  oz.,  is  equal 
to  the  weight  r.  Hence  it  follows  that  the  resultant  of  the  two 
parallel  forces  a  and  a'  is  in  this  case  a  force  equal  to  their  sum. 
Now  if  the  experiment  be  varied  in  any  manner,  the  same 
result  will  still  be  obtained.  Thus,  if  the  weight  a'  be  8  oz.  and 
the  weight  r  be  20  oz.,  then  the  weight  of  the  sand  in  the  dish 
A  will  be  found  to  be  12  oz.  ;  the  sum  of  a  and  a',  12  +  8,  being 
still  equal  to  r,  which  is  20.  In  a  word,  in  whatever  manner 
•the  weights  a  and  r  may  be  varied,  so  long  as  r  is  greater  than 
A,  the  weight  a'  will  invariably  be  their  difference  ;  and  we  there- 
fore conclude  in  general  that  the  resultant  of  two  parallel  forces 
acting  in  the  jsa/me  direction  upon  two  different  points  of  the  same 
body,  is  a  force  parallel  to  their  direction,  a/nd  equal  to  their  stim 
a^^iing  at  some  intermediate  point 

Now,  it  remains  to  determine  what  is  the  intermediate  point 
between  p  and  p'  at  which  this  resultant  will  act. 

After  having  established  equilibrium  by  pouring  the  quantity 
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of  sand  into  the  dish  a,  if  we  measure  the  distances  p  o  and 
p'  o,  we  shall  find  that  they  are  invariably  in  the  inverse 
proportion  of  the  two  weights  a  and  a'  ;  that  is  to  say,  if  the 
weight  a'  be  8  oz.  and  the  weight  A  12  oz.,  then  the  proportion 
of  p  o  to  p''  o  will  be  8  to  12,  and  this  will  be  found  to  be  invari- 
ably the  case.  If  the  position  of  the  string  supporting  the  weight 
K  be  varied,  as  it  may  be,  it  will  always  be  found  that  the  ratio 
of  the  two  weights  a  and  a^,  which  establish  an  eqiLilibrium  in 
the  system,  will  be  inversely  as  the  distance  of  the  points  p  and 
p'  from  the  point  o,  where  the  resultant  is  applied ;  while  the 
distance  p  o  represents  in  quantity  the  component  a',  the  dis- 
tance p'  o  will  represent  in  quantity  the  component  a. 

This  general  principle,  which  is  of  great  importance  in 
mechanics,  may  be  enunciated  as  follows  : — 

The  resultant  of  two  forces  whick  cict  on  different  points  of  the 
sfime  body  in  parallel  lines,  and  in  the  same  direction^  is  a  single 
Jorce  equal  to  thei/r  sum  acting  parallel  to  them,  and  in  the  same 
direction,  at  an  intermediate  point  which  divides  the  line  joining 
the  two  points  of  application  of  the  components  i/n  the  inverse  pro- 
portion of  the  magnitudes  of  those  compotients. 

If  the  forces  a'  and  r  be  considered  as  components,  the  force 
A  may  be  considered  as  the  opposite  of  their  resultant.  It  con- 
sequently follows  that  the  resultant  of  a'  and  r  is  a  force  equal 
in  quantity  to  their  difference,  and  applied  at  p,  acting  in  a  line 
parallel  to  them,  and  in  the  direction  of  the  greater  force  R. 

68.  Parallel  forces  in  opposite  direotions.—This  general 
principle  may  be  enunciated  as  follows : — 

The  resultant  of  the  two  forces  which  act  on  different  points  of 
the  same  body  in  parallel  lines  in  opposite  directions,  will  he  a 
single  force  equal  to  their  difference,  and  acting  at  a  point  beyond 
the  greater  of  the  two  forces,  and  so  situated  that  the  point  of  appli- 
cation of  the  greater  of  the  two  forces  wUl  divide  the  dJisianoe  between 
the  lesser  and  the  resultaid  in  the,  inverse  proportion  of  the  magni- 
tudes  of  the  lesser  and  of  the  resfidtant. 

Having  the  means  of  determining  the  resultant  of  two 
parallel  forces,  we  can  determine  the  resultant  of  any  number 
of  such  forces  by  taking  them  respectively  in  pairs,  as  we  have 
done  in  the  cases  of  diverging  forces.  Thus,  let  any  two  forces 
of  such  a  system  be  taken,  and  the  resultant  found.  Then, 
considering  such  resultant  as  a  component,  let  it  be  combined 
with  a  third  component,  and  their  resultant  found  ;  and  so  on. 

69.  Couple. — There  is  a  case  of  parallel  forces  which  does 
not  admit  of  a  single  resultant,  and  which  is  of  considerable 
importance  in  mechanical  inquiries.     This  case  is  that  in  which 
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two  equal  forces  act  upon  two  points  of  a  body  in  parallel  and 
opposite  directions.  The  effect  of  such  forces  cannot  be  repre- 
sented by  any  single  force.  In  fact,  such  a  combination  of 
forces  has  no  tendency  to  produce  in  a  body  any  progressive 
motion,  but  has  a  tendency  to  cause  it  to  revolve  round  a 
point  intermediate  between  the  direction  of  the  two  forces. 
Such  a  system  of  forces  is  called  a  couple, 

70.  BKecbanical  effect  of  a  couple. — The  mechanical  effect 
of  such  a  system  depends  consequently,  on  the  intensity  of  the 
forces,  the  perpendicular  distance  between  their  lines  of  direc- 
tion, and  on  the  direction  of  the  plane  which  passes  through 
their  lines  of  direction. 

If  p  and  p'  (Jig.  1 3)  be  the  points  of  application,  and  one  of 
the  forces  acts  in  the  direction  of  p  m,  while  the  other  acts  in  the 
direction  of  p'  m',  then  their  effect  will  depend  on  their  inten- 


Fig.  13. 

sity,  on  the  length  of  the  perpendicular  distance  p  p'  between 
■their  directions,  and  on  the  direction  of  the  plane  in  which  the 
lines  p  M  and  p'  m'  lie. 

Representing  such  forces  by  weights,  as  before,  let  us  sup- 
pose strings  attached  to  the  points  p  and  p'  carried  over  the 
pulleys  M  and  m',  and  supporting  the  two  equal  weights,  w,  w'. 

The  obvious  tendency  of  these  weights  is  to  turn  the  line 
p  p'  round  in  the  direction  in  which  the  hands  of  a  clock  would 
move.  Now  this  tendency  cannot  be  counteracted  by  any 
single  force,  but  it  may  be  resisted  by  another  couple  applied  to 
other  two  points  of  the  body.  Let  us  suppose,  for  example, 
that  p  p'  be  two  other  points  of  the  same  body,  either  situate  in 
the  same  plane  as  the  lines  p  m  and  p'  m^,  or  in  any  parallel  plane, 
and  that  strings  be  applied  to  them  extended  by  weights,  in  the 
same  manner  as  in  the  former  case,  the  strings  lying  in  such 
parallel  plane. 
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Let  p  m  and  igf  m\  carried  over  pulleys,  support  weights  w 
and  w%  but  let  them  be  so  applied  to  the  line  jp  p'  that  they 
shall  have  a  tendency  to  tiu^  the  body  round  contrary  to  the 
motion  of  the  hands  of  a  clock,  and  therefore  contrary  to  the 
effect  of  the  former  couple.  Now-  let  the  weights  w  and  v/  be 
so  adjusted  by  trial,  that  this  second  couple  shall  exactly 
balance  the  first  couple,  and  keep  the  body  at  rest,  which  may 
be  done  by  using  for  the  purpose  the  dish  of  a  balance  aud 
sand,  as  in  the  former  experiment.  When  the  equilibrium  is 
thus  established,  it  will  always  be  found  that  the  weights  w  and 
w  will  bear  to  each  other  the  inverse  proportion  of  the  distance 
between  the  parallel  cordsy  that  is  to  say,  the  weight  w  will  be 
greater  than  the  weight  w  in  the  exact  proportion  of  the  distance 
p  y>  to  the  distance  p  p' ;  or  to  express  this  in  the  usual  manner 
by  algebraical  symbols,  we  should  have 

w  :  K;::pp' :  p  p' ; 

from  which  it  follows  that 

w  X  p  p'  =  to  X  ^  p'. 

71.  Sqnllibriam  of  couples. — This  conclusion  involves  the 
entire  mechanical  theory  of  couples^  and  may  be  enunciated  as 
follows  : — 

Two  eqiud  and  pa/rallel  forces  acting  in  contrary  directions  on 
a  body,  have  a  tendency  to  make  that  body  revolve  round  an  axis 
perpendicular  to  a  plane  passing  through  the  direction  of  such  two 
parallel  and  opposite  forces ;  and  such  tendency  is  proportional  to 
the  product  obtained  by  midtiplying  the  intensity  of  the  forces  by 
the  distance  between  their  directions  ;  and,  consequently ,  all  couples 
in  which  such  products  are  equal  and  have  their  planes  parallel  are 
mechanically  equivalent,  provided  that  tJieir  tendency  is  to  turn  the 
body  round  in  the  same  direction ;  but,  if  two  such  couples  have  a 
tendency  to  turn  the  body  in  contrary  directions,  then  two  such 
couples  have  equal  and  contrary  mechanical  effects,  and  ivofdd, 
if  simultaneo^isly  applied  to  the  same  body,  keep  it  in  equilibrium. 

72.  Conditions  under  wblcli  two  forces  admit  a  slngrle 
resultant. — Two  forces  not  being  parallel  in  their  directions 
which  are  applied  to  different  points  of  the  same  body,  present  two 
different  cases,  in  one  of  which  only  they  admit  of  a  resultant. 

1st.  If  the  two  forces  applied  at  p  and  p'  {fig.  14),  not  being 
parallel,  are  nevertheless  in  the  same  plane,  their  directions 
p  M  and  p'  m',  if  prolonged,  will  necessarily  meet  at  some  point 
such  as  o.  In  this  case  we  may  imagine  the  two  forces  to  be 
applied  at  o,  and  their  resultant  will  be  represented  in  magnitude 
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and  direction  by  the  diagonal  o  c  of  a  parallelogram  whose 
sides   represent,    in    quantity  and  direction,  the  two  forces, 

according  to  the 
principle  already  ex- 
plained. 

2nd.  But  if  the 
forces  applied  at  the 
points  p  and  p'  (fig. 
1 5).  not  being  paral- 
lel, are  at  the  same 
time  in  different 
planes,  as  p  w  and 
p'  m',  then  their  direc- 
^*2-  M-  tions,  though  indefi- 

nitely prolonged,  will  never  intersect,  and  they  will  not  have  any 
single  resultant ;  in  other  words,  their  mechanical  effect  cannot 
be  represented  by  that  of  any  single  force, 

73.  Two  forces  In  different  planes.— It  can  be  demonstra- 
ted, however,  that  the  mechanical  effect  of  such  a  system  of  two 

forces  as  here    described, 
whose  directions  lie  in  dif- 
ferent planes,   and  which, 
though    not   parallel,   can 
never    intersect,    will     be 
mechanically  equal  to  the 
combined  action  of  a  cotvple 
such  as  already  described, 
and  a  single  force  ;  in  other 
words,  such  a  system  will 
have  a  double  effect  on  the 
body  to  which    it    is    ap- 
plied :   1st, .a  tendency  to 
produce    revolution ;     and 
2ndly,  a  tendency  to  pro- 
duce a  progressive  mc^''^'"  * 
and  if  it  were  not  h( 
equilibrium  by  some 
contrary    forces,  the 
would    at  the   same 
move  forward  in  som 
finite    direction,    anc 
volve  round  some  det 
nate  axis. 

To  render  this  intelligible,  let  us  imagine  the  forces 
represented  by  weights  acting  on  strings,  and  passing  over  pu 
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In  fig,  15,  let  p  and  p'  be  the  two  points  of  application  of 
the  two  forces  ;  let  the  force  acting  at  p  be  vertical,  and  be 
represented  by  the  weight  w,  suspended  by  a  string  at  the 
point  p. 

Let  the  other  force  apjilied  at  p'  be  horizontal,  and  in  a 
direction  p'  m'  perpendicular  to  p'  P,  and  let  it  be  represented 
by  the  weight  w'  suspended  by  a  cord  which  passes  over  the 
pulley  m'.  Attached  to  the  point  p',  let  another  string  be 
carried  vertically  upwards  to  m,  and  then  passed  over  a  pulley, 
and  let  a  weight  be  suspended  to  it  equal  to  the  weight  w.  Now 
take  upon  the  line  p'  m'  a  distance  p'  c,  consisting  of  as  many 
inches  as  there  are  ounces  in  the  weight  w',  or,  which  is  the 
same,  in  the  force  which  stretches  the  cord  p'  c.  Take  also  upon 
the  vertical  hne  p'  m  as  many  inches  p'  b  as  there  are  ounces  in 
the  weight  w,  and  draw  the  line  b  c.  From  c  draw  c  a  parallel 
to  p'  B,  and  from  the  point  p'  draw  p'  a,  parallel  to  b  c.  Carry 
a  string  from  p'  along  the  line  p'  a,  and  let  it  pass  over  a  pulley 
m'^,  and  suspend  from  it  the  weight  w'^,  consisting  of  as  many 
ounces  as  there  are  inches  in  the  hne  p^  a. 

Now,  according  to  this  statement,  the  weight  w  will  consist 
of  as  many  oimces  as  there  are  inches  in  p'  b,  and  the  weight  w'' 
will  consist  of  as  many  ounces  as  there  are  inches  in  the  line  p^  a. 
It  follows,  therefore,  from  the  principle  of  the  composition  of 
forces  already  established,  that  the  combined  effects  of  these  two 
forces  w  and  w''  acting  in  the  line  p'  b,  and  p'  a  upon  the  point 
p',  will  be  the  same  as  the  single  action  of  the  weight  w'  acting 
in  the  direction  p'  c  upon  the  same  point  p',  and  that  it  may  be 
consequently  substituted  for  the  latter  without  changing  the 
effects  upon  the  body.  Let  us  then  detach  the  weight  w'  and 
relieve  the  point  y  from  its  action,  leaving  the  weights  w  and 
w''  acting  in  its  place.  The  point  p'  and  the  body  to  which  it 
belongs  will  then  be  affected  in  the  same  manner  by  the  three 
weights  w,  w,  and  w''  as  it  was  by  the  two  original  weights  w 
and  w^.  It  follows,  therefore,  that  the  effect  of  the  two  original 
weights  w  and  w'  is  mechanically  equivalent  to  the  effect  of  the 
weight  w'''  and  the  two  equal  weights  w.  ^^^ 

This  is  equivalent  to  stating  that  the  two  forces  acting  a+^ases 
points  p  and  p'  in  the  directions  P  w  and  p'  c,  are  equiva^nd  the 
their  effect  to  three  forces,  viz.,  a  single  force,  reprjip^^j^jj^j^  ^f 
intensity  by  the  line  p'  a,  and  acting  along  that  \\ 
couple  acting  in  a  vertical  plane  passing  through  ,ifl] 
the  distance  between  the  two  forces  being  eqiTP? 
their  intensities  being  equal  to  w. 

The  total  effect,  therefore,  would  be  eq- 
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force  acting  in  the  direction  p'  a,  and  a  couple  producing  rotation 
round  an  axis  perpendicular  to  a  vertical  plane  through  p  p'. 

74.  Bxamples. — The  principles  upon  which  the  jointed  rods 
and  links  by  which  the  floors  of  suspension  bridges  are  sup- 
ported depend,  admit  of  easy  explanation  by  the  elementary 
principles  of  the  composition  of  forces. 

Supposing  the  floor  of  the  bridge  extending  between  the 
two  quay  walls  to  be  represented  byABCDEFG  (fig.  16), 
and  to  be  sustained  by  the  parallel  and  equidistant  vertical  rods 
M,  N,  p,  Q,  R,  s,  it  is  necessary  that  these  rods  severally  should 
so  support  the  flooring  that  no  one  part  of  it  shall  have  a  ten- 
dency to  rise  above  or  sink  below  the  adjacent  part  ;  for  it  is 
evident  that  if  any  such  inequality  existed  in  the  sustaining 
force,  one  of  two  consequences  would  ensue,  either  of  which 
would  be  incompatible  with  the  necessary  conditions  of  such  a 


.^^^gsssa^^^is^si^aii 


Fig.  16. 


structure  :  if  the  flooring  did  not  yield  to  these  unequal  forces, 

it  would  be  subject  to  continual  transverse  strains,  which  would 

impair  its  strength  ;  and  if  it  did  yield,  its  surface  would  not 

be  level,  but  undulating.      The  condition,  then,  being  admitted 

upon  which  the  flooring  is  supported  by  the  vertical  rods  in 

equilibrium  in  the  horizontal  position,  we  may  imagine  it  divided 

+  the  middle  points  b,  c,  d,  e,  f  of  the  successive  intervals  be- 

n  the  rods,  as  well  as  at  the  points  a  and  G,  where  it  meets 

y  walls.    In  this  way  the  several  pieces  a  b,  b  c,  c  d,  d  e, 

T  G  are  supported  separately  and  severally  by  the  rods 

u,  s.    Although  free  to  move  up  or  down,  being  quite 

- —  pm  each  other,  they  will  not  do  so,  since  such  a  de- 

'  pv^ir  relative  positions  would  be  incompatible  with 

the  forces  supporting  the  flooring  which  has 

To  render  this  i. 

represented  by  weights  .^ 


Digitized 


by  Google 


COMPOSITION  AND  RESOLUTION  OF  FORCES.     57 

It  remains  now  to  determine  the  relative  directions  of  the 
several  links  ah,  h  Cy  &c. ,  which  support  the  vertical  rods.  For 
this  purpose  we  are  to  consider  that  the  middle  link  d  e  is  parallel 
to  the  flooring  at  a  height  above  it  altogether  arbitrary,  depend- 
ing merely  on  the  general  height  at  which  it  may  be  found  con- 
venient to  place  the  chain  above  the  flooring.  The  half  of  the 
flooring  extending  from  A  to  d,  consisting  of  the  three  detached 
pieces  a  b,  b  c,  and  c  d,  may  be  considered  as  sustained  exclu- 
sively by  the  links  a  b  and  d  e ;  for  if  these  last  links  were  cut 
through,  it  is  evident  that  the  pieces  suspended  from  the  rods 
M,  N,  p,  would  fall.  This  being  the  case,  the  entire  weight  of 
the  three  pieces,  acting  vertically  downwards  at  their  centre  of 
gravity  N,  will  necessarily  be  in  equilibrium  with  the  tensions 
of  the  links  a  h  and  d  e.  It  follows  from  this,  by  thef  principles 
of  the  composition  of  force,  that  if  the  line  e  d  be  continued  to 
meet  the  vertical  rod  N  at  r,  the  direction  of  the  link  a  b  will  be 
that  of  the  line  drawn  from  r  to  a  ;  this,  therefore,  determines 
the  direction  of  the  first  link  a  b.  The  direction  of  the  second 
link  6  c  is  determined  in  precisely  the  same  manner.  We  have 
only  to  consider  the  pieces  s  c  and  c  d  as  being  supported  by 
the  links  b  c  and  d  e  ;  and  it  follows,  as  before,  that  the  weights 
of  these  pieces,  b  c  and  c  d,  acting  vertically  downwards  from 
their  centre  of  gravity  c,  will  be  in  equilibrium  with  the  tensions 
of  the  links  b  c  and  d  e.  If,  therefore,  the  direction  of  d  e  be 
continued  to  meet  the  vertical  through  c  at  s,  the  line  drawn 
from  stob  will  be  the  direction  of  the  second  link  h  c,  that  of 
the  third  link  being  necessarily  the  line  c  d. 

The  directions  of  the  corresponding  links  at  the  other  side  of 
the  centre  will  be  the  same. 

The  parts  of  the  chain  p,  q,  on  the  other  side  of  the  piers  will 
be  inclined  to  the  vertical  at  the  same  angle  with  the  links  a  h 
and  n  g ;  so  that,  the  tensions  being  the  same,  the  resultant  of 
the  two  forces  in  each  case  will  necessarily  be  vertical,  and  con- 
sequently the  weight  will  be  supported  by  the  piers. 

We  have  here  considered  only  one  chain.  A  bridge,  how- 
ever, must  be  at  least  supported  by  two,  one  at  each  side,  and 
may  be  sustained  even  by  four,  two  at  each  side.  In  such  cases 
the  force  will  be  equally  distributed  among  the  chains,  and  the 
same  principles  will  be  applicable  to  determine  the  direction  of 
their  several  links. 
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CHAPTER  VII. 

COMPOSITION  AND   RESOLUTION  OF  MOTION. 

75.  Velocity  anddireotion  of  motion. — If  we  wish  to  define 
the  state  of  a  body  which  is  in  motion,  we  must  state  the  direc- 
tion in  which  it  moves,  and  its  velocity,  that  is  the  rate  at  which 
it  moves  or  the  speed  which  it  has  in  such  direction. 

If  the  motion  of  a  body  be  rectilinear,  that  is  to  say,  if  it 
move  continually  in  the  same  straight  line,  then  such  straight 
linc'is  its  direction.  But  it  is  evident  that  a  body  may  move  in 
two  opposite  directions  in  the  same  straight  line  :  thus,  if  the 
line  of  the  motion  be  east  and  west,  the  body  may  move  either 
from  east  to  west,  or  from  west  to  east,  without  departing  from 
the  line  in  question. 

It  is  usual  to  distinguish  the  two  opposite  directions  in  the 
same  straight  line  by  the  algebraical  symbols  +  and  — .  Motion 
in  one  direction  is  thus  defined  as  +  or  positive  ;  and  motion  in 
the  opposite  direction  as  —  or  negative. 

76.  Blreetlon  in  a  curve.— If  a  body  move  in  a  curved 
path,  such  us  A  B  {fig,  17),  the  direction  of  its  motion  is  con- 
tinually changed,  but  at  any 


i-     point  of  the  curve,  such  as 
p,  it  is  considered  to  have  the 
direction  of  a  tangent  p  t  at 
Fig.  17.  "        that  point. 

77.  Velocity  defined. — 
The  velocity  of  a  moving  body  is  expressed  by  stating  the 
relation  between  any  space  through  which  the  body  moves,  and 
the  time  in  which  such  motion  is  performed.  Thus,  we  say  that 
the  speed  with  which  a  man  walks  is  four  miles  an  hour,  the 
speed  with  which  a  stage-coach  travels  is  ten  miles  an  hour,  and 
the  speed  of  a  railway  train  is  thirty  miles  an  hour. 

It  is  evident  that  the  same  speed  may  be  differently  ex- 
pressed, according  to  the  different  units  of  time  or  distance 
which  may  be  adopted.  We  may  express  the  velocity  by  stating 
the  space  moved  over  in  a  given  time,  or  the  time  taken  to  move 
over  a  given  space.  The  given  time  may  be  an  hour,  a  minute, 
or  a  second  ;  and  the  given  space  a  mile,  a  foot,  or  an  inch.  If 
we  say  that  a  railway  train  moves  at  thirty  miles  an  hour,  or 
that  it  moves  at  eight  hundred  and  eighty  yards  a  minute,  or 
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forty-four  feet  a  second,  we  express  exactly  the  same  speed,  the 
only  difference  being  that  different  units  of  time  and  distance 
are  adopted. 

The  selection  of  the  units  of  time  and  distance  for  the  ex- 
pression of  velocity  is  of  course  arbitrary.  It  is  usual,  however, 
to  adopt  such  units  that  the  velocity  may  be  expressed  by 
a  number  which  is  neither  inconveniently  great  nor  incon- 
veniently small.  If  the  motion  of  the  body  be  extremely  rapid, 
we  express  its  velocity,  by  adopting  a  large  unit  of  space  or  a 
small  unit  of  time  ;  and  if,  on  the  other  hand,  the  motion  be 
very  slow,  we  express  the  velocity  by  a  small  unit  of  space  or  a 
large  unit  of  time. 

The  following  small  table  may  facilitate  the  conversion  of 
various  units  into  each  other  : — 

Compmnsan  of  different  measures  of  Velocity, 

Miles  Feet  Feet  Feet 

per  hour.        per  aecond.       per  minute.       per  hour. 

I  =1*47       -88        =   5,280 


I  nautical  mile 


0-632       =1  =60        =   3,600 

001 14     =  0-017     =1        =       '60 
000019  =  0-0003   =       0-017  = 


nautical  mile  1 

per  hour,  or    >  =1-1507      =    1-6877    =    101-262=   6,075-74 
'  knot.'       J 

As  spaces  or  times  which  are  extremely  great  or  extremely 
small  are  more  difficult  to  conceive  than  those  which  are  of  the 
orders  of  magnitude  that  most  commonly  fall  under  the  observa- 
tion of  the  senses,  we  shall  convey  a  more  clear  idea  of  velocity, 
by  selecting  for  its  expression  spaces  and  times  of  moderate 
rather  than  those  of  extreme  length.  The  truth  of  this  obser- 
vation will  be  proved,  if  we  consider  how  much  more  clear  a 
notion  we  have  of  the  velocity  of  a  railway  train,  when  we  are 
told  that  it  moves  over  fifteen  yards  per  second,  or  between  two 
beats  of  a  common  clock,  than  when  we  are  told  that  it  moves 
over  thirty  miles  in  an  hour.  We  have  a  vivid  and  distinct  idea  of 
the  length  of  fifteen  yards,  but  a  comparatively  obscure  one  of 
the  length  of  thirty  miles  ;  and,  in  like  manner,  we  have  a  much 
more  clear  and  definite  idea  of  the  duration  of  a  second  than  we 
have  of  the  duration  of  an  hour. 

78.  Table  of  Velocities. — In  the  following  table  are 
collected  examples  of  the  velocities  of  various  objects,  which 
may  be  found  useful  for  reference,  and  which  will  serve  as 
standards  of  comparison  for  various  classes  of  motion  : — 
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Table  showing  the  Velocities  of  certain  moving  Bodies. 


Objects  moving. 


Man  walking  .... 

Horse  trotting 

Swiftest  racehorse  . 

Railway  train,  English    . 

,,  ,,      American 

„  „      Belgian    . 

„      French     . 

,,  ,,      German  . 

Fast  express  train  . 

Swift  English  steamboats  navigating  the 
Channel    .... 

Swift  steamers  on  the  Hudson 

Fast  sailing  vessels 

Current  of  slow  rivers    . 
,,  rapid  rivers  . 

Moderate  wind 

Storm     ..... 

Hurricane       .... 

Air  rushing  into  vacuum 

Common  musket-ball 

Rifle-ball        .... 

Cannon-ball    .... 

Bullet  discharged  from  air-gun,  air  being 
compressed  into  a  hundredth  part  of 
its  volume 

Sound  when  atmosphere  is  at  32°  Fahr. 

60°  Fahr. 

Earth  moving  round  sun 

A  point  at  earth's  surface  at  equator  by- 
diurnal  motion ..... 


Miles  per 

Feet  per 

Hour. 

Second. 

3 

4i 

7 

10 

60 

88 

32 

47 

18 

26} 

25 

361 

27 

39, 

24 

35i 

42  to  50 

62  to  75 

14 

20J 

18 

26- 

12 

i7i 

3 

4i 

7 

lO^ 

7 

lOx 

36 

52I 

80 

ii7i 

850 

1247 

850 

1247 

1000 

1467 

1090 

1600 

477 

700 

743 

1090 

765 

1 122 

68,182 

100,000 

1040 

1525 

79.  irniform  velocity. — The  speed  of  a  body  in  motion  may 
be  uniform  or  varied. 

The  speed  is  uniform  when  all  equal  spaces,  great  or  small, 
are  moved  over  in  equal  times. 

It  is  possible  to  conceive  a  body  in  motion,  moving  over  a 
mile  per  minute  regularly,  and  yet  the  speed  not  to  be  uniform  ; 
for  though  each  successive  mile  may  be  performed  in  a  minute, 
the  subdivisions  of  such  mile  may  be  performed  in  unequal 
times  ;  thus,  the  first  half  of  each  successive  mile  might  occupy 
forty  seconds,  and  the  other  half  twenty  seconds.  To  constitute 
a  uniform  motion,  therefore,  it  is  necessary  that  all  equal  por- 
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lions  of  space,  no  matter  how  small  they  are,  shall  be  passed 
over  in  equal  times. 

80.  Composition  of  Motion. — As  forces  which  produce 
pressure  would,  if  the  bodies  on  which  they  act  were  free  to 
move,  produce  motion  in  the  direction  of  such  pressure,  whose 
velocity  would  be  proportional  to  the  pressure,  all  the  principles 
which  have  been  established  in  the  last  chapter  respecting  the 
components  and  resultants  of  forces  will  be  equally  applicable  to 
motion.  Hence,  without  further  demonstration,  we  may  con- 
sider as  established  the  following  principles,  called  the  composi- 
tion and  resolution  of  motion. 

If  a  body  a  (fig.  18)  receive  at  the  same  time  two  impulses, 
in  virtue  of  one  of  which  it  would  move  in  the  direction  a  y 
over  the  space  a  b,  in  one  second  ; 
and  in  virtue  of  the  other,  it  would 
move  in  the  direction  a  x,  over  the 
space  A  c  in  one  second  ;  then  the 
two  impulses,  acting  upon  it  simul- 
taneously, will  cause  it  to  move 
over  the  diagonal  a  d  of  the  pa- 
rallelogram, whose  sides  are  A  b 
and  A  c,  in  one  second. 

Conversely,  also,  a  single  motion  a  d  may  be  considered  as 
equal  to  the  combination  of  two  motions,  a  b  and  A  c,  along  the 
sides  of  any  parallelogram  of  which  a  d  is  a  diagonal. 

Now,  as  an  infinite  variety  of  parallelograms  may  have  the 
same  diagonal,  it  follows  that  any  single  force  may  be  considered 
as  equal  to  an  infinite  va- 
riety of  combined  forces  or 
motions.  In  fig.  19,  the  line 
ad  is  the  diagonal  of  the 
parallelograms  a  B  d  c, 
A  b'  D  c',  A  b''  d  c'^,  &c. 

81.  Turo    motions    in 
one  direction. — The  effect 
of  a  force  which  acts  upon 
a  body  in  motion,  must  be  either  to  change  its  velocity,  or  to 
change  its  direction,  or  to  produce  both  these  effects  together. 


Fig.  20. 

If  a  body  being  in  uniform  motion  to  a  certain  straight  line, 
such  as  A  B  (^gf.  20),  receive  at  p  the  impulse  of  a  force  in  the 
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direction  in  which  it  is  moving,  the  effect  of  such  impulse  will 
be  to  augment  its  velocity  ;  and  such  increase  of  velocity  will  be 
exactly  equal  to  the  velocity  which  the  same  force  would  impart 
to  the  body,  if  the  body  had  been  at  rest.  Thus,  if  the  body 
had  been  moving  towards  b  at  the  rate  of  ten  feet  per  second, 
and  it  received  an  impulse  at  p,  in  the  direction  of  b,  which 
would  have  imparted  to  it,  being  at  rest,  a  velocity  of  five  feet 
per  second,  then  the  velocity  of  the  body  after  the  impact  will 
be  fifteen  feet  per  second.  This  is  evident,  because  the  previous 
motion  which  the  body  is  supposed  to  have  had  in  the  direction 
of  B  cannot  in  any  way  impair  the  effect  of  a  force  tending  to 
make  it  move  in  the  same  direction. 

But  if  the  impulse  which  it  has  received  at  p  had  been  given 
in  the  direction  of  p  a,  contrary  to  that  of  its  motion,  then  such 
impulse  would  deprive  the  body  of  just  so  much  velocity  in  the 
direction  p  b,  as  it  would  have  imparted  to  it  in  the  direction 
p  A  had  it  been  at  rest.  In  this  case,  therefore,  the  velocity  after 
the  impact  will  be  diminished  from  ten  feet  per  second  to  five 
feet  per  second. 

These  consequences  are  obviously  analogous  to  the  corres- 
ponding conclusions,  which  were  explained  in  the  last  chapter, 
respecting  the  combined  effects  of  forces  acting  upon  a  body  in 
the  same  or  any  parallel  directions. 

82.  Two  motions  in  different  directions. — If  a  body,  being 
in  motion  from  a  to  b  (fig.  21),  receive  at  the  point  p  an  impact 

which,  had  it  been  at  rest, 
/  would  have    caused  it    to 

move  in  the  direction  pc, 
then  the  body  commencing 
from  the  point  p  will  have 
a  motion  compounded  of 
the  motion  which  it  had 
before  receiving  the  impact 
at  P,  and  the  motion  which  that  impact  would  have  given  to 
it  had  it  been  at  rest.  The  motion,  therefore,  which  it  woxdd 
have  on  leaving  p  in  this  case,  will  be  determined  by  the  paral- 
lelogram of  forces,  according  to  the  principles  already  estab- 
lished. 

Thus,  if  we  suppose  that,  by  virtue  of  the  motion  which  the 
body  had  along  the  line  a  b,  it  would  have  moved  from  p  to  d  in 
a  second,  and  that  the  motion  which  it  would,  being  at  rest  at 
p,  have  received  from  the  impact  would  have  carried  it  from 
p  to  E  in  one  second,  then  the  motion  which  the  body  will 
actually  have  in  leaving  p  after  receiving  the  impact,  will  be 


Fig.  21. 
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along  the  diagonal  p  f  of  the  parallelogram  whose  sides  are  p  d 
and  p  E. 

If  a  body  moving  with  a  certain  determinate  velocity  in  the 
direction  a  b  {fig.  22)  encounter  at  p  a  fixed  object  that  has  a 
flat  surface  c  d,  its  motion  will  not  be  destroyed,  but  will  be 
modified  by  the  resistance  of  this  surface. 

The  effect  of  the  surface,  supposing  it,  as  well  as  the  body, 
to  be  perfectly  hard  and  inelastic,  will  be  to  destroy  so  much  of 
the  motion  of  the  body  as  is  in  a  direction  perpendicular  to  it. 

To  determine  this,  let  us  draw  the  line  p  m  perpendicular  to 
the  surface  c  d,  and,  taking  p  o  as  the  space  which  the  moving 
body  moves  over  in  a  second,  from  o  draw  o  n  parallel  to  p  c, 
and  o  R  parallel  to  p  n,  so  that  p  n  o  b  shall  be  a  parallelogram, 
of  which  p  o  is  the  diagonal. 
The  force,  therefore,  with 
which  the  body  will  strike 
the  surface  at  p  will  be  equal 
to  the  two  forces,  one  in  the 
direction  of  r  p,  and  the 
other  in  the  direction  of  n  p, 

the  sides   of  this  parallelo-  Pig,  22. 

gram,  inasmuch  as  these  two 
forces  are,  by  what  has  been  already  explained,  equal  to  the 
single  force  represented  by  the  diagonal  o  p.  But  the  reaction 
of  the  surface  c  d  will  destroy  the  perpendicular  force  n  p,  and 
therefore  the  force  r  p  alone  wil  remain  in  the  direction  r  p  d. 
The  body,  therefore,  after  it  strikes  the  surface,  will  move  from 
p  towards  d  with  a  velocity,  in  virtue  of  which  it  will  describe 
spaces  equal  to  r  p  in  one  second, 

83.  Examples. — The  following  examples  will  illustrate  the 
principles  of  the  composition  and  resolution  of  forces,  and 
motions,  which  have  been  explained  in  the  present  and  the  last 
chapter.  . 

If  a  swimmer  direct  his  course  across  a  river  in  which  there 
is  a  current,  his  body  will  be  at  the  same  time  subject  to  two 
motions  :  first,  that  which  he  receives  from  his  action  in  swim- 
ming, which,  if  there  were  no  current,  would  carry  him  directly 
across  the  river  in  a  direction  perpendicular  to  its  course  in  a 
certain  time,  as,  for  example,  fifteen  minutes  ;  and  the  other  in 
virtue  of  the  current,  by  which,  if  he  were  to  float  on  the  water 
without  swimming,  he  would  be  carried  down  the  stream  with  a 
velocity  equal  to  that  of  the  stream,  at  a  rate,  for  example,  of 
five  thousand  feet  in  fifteen  minutes. 

Now,  in  actually  passing  over  the  river,  the  swimmer  is 
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affected  at  the  same  time  by  both  these  motions;  and  conse- 
quently his  body  will  be  carried  in  fifteen  minutes  along  the 
diagonal  of  the  parallelogram  of  which  these  motions  are  sides. 
If  8  s'  and  T  t'  (Jig,  23)  be  the  banks  of  the  river,  the  direc- 
tion of  the  stream  being  expressed  by  the  arrow,  and  p  be  the 
point  of  departure  of  the  swinmier,  let  p  n  be  the  distance  down 

T  M  m'  t' 


W 


Fig.  23. 


which  the  stream  would  carry  the  swimmer  in  the  time  which 
he  would  take,  if  there  were  no  current,  to  cross  the  river  from 
p  to  the  opposite  point  m  of  the  other  bank.  Then,  as  he  crosses, 
he  will  be  impelled  by  the  two  motions.  By  swimming,  he  will 
continually  approach  the  bank  t  t'  ;  at  which  he  will  arrive  as 
soon  as  he  would  do  if  there  were  no  current,  because  the 
current  which  crosses  him  laterally  wOl  not  interfere  with  his 
course  in  swimming,  which  is  perpendicular  to  it.  Therefore, 
at  the  time  that  he  would  arrive  at  the  middle  point,  q,  of  the 
stream,  if  there  were  no  current,  he  will  still  have  arrived  at 
the  middle  point,  q',  of  the  stream  ;  but,  in  virtue  of  the  current, 
that  point  will  lie,  not  opposite  the  point  from  which  he  started 
but  lower  down  on  the  stream  at  Qf ;  and,  in  fine,  he  will  arrive 
at  the  opposite  bank  at  the  point  m'  just  so  far  below  the  point 
M  as  is  equal  to  the  space  through  which  the  current  moves  in 
the  time  which  the  swimmer  takes  to  cross  the  river.  The 
actual  course  followed  by  the  swimmer,  therefore,  by  the  com- 
bined effects  of  his  action  in  swimming  and  of  the  effect  of  the 
stream,  will  be  the  diagonal  p  m'  of  the  parallelogram  one  side 
of  which,  p  N,  represents  the  space  through  which  the  current 
moves  in  the  time  the  swimmer  takes  to  cross  the  river,  and  the 
other,  p  M,  the  space  through  which  the  swimmer  would  moVie 
in  the  same  time  if  there  were  no  current. 

By  a  due  attention  to  the  principles  of  composition  of  motion 
the  swimmer  may  be  enabled,  notwithstanding  the  current,  to 
cross  the  river  in  a  direction  perpendicular  to  its  banks. 

As  before,  let  p  (Jig.  24)  be  the  point  of  the  bank  from  which 
he  starts,  the  current  of  the  river  being  in  the  direction  of  the 
arrow. 

Let  p  N  be  the  distance  through  which  the  current  would 
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ran  in  the  time  which  the  swimmer  would  take  to  cross  the 
river.  From  n  draw  the  line  N  m  to  the  point  of  the  bank 
directly  opposite  to  p,  and  from       T          o  M  T 

p  draw  the  line  p  o  parallel  to                    V         N~ 
M  N.     Now,  by  the   principles           ^— ^        \        \ 
of  the    composition  of  motion    \^        ^ 


which  have   been   already  ex-      S  P  N       S' 

plaiaed,  a  force  in  the  direction  Fig.  24. 

of  p  M  will  be  equal  to  two  forces  simultaneously  acting,  one  in 
the  direction  of  p  n,  and  the  other  in  the  direction  of  P  o  ;  con- 
sequently, if  the  swimmer,  leaving  the  point  p,  direct  his  course 
to  the  point  o,  and  use  such  action  in  swimming  as  would  enable 
him  to  pass  in  still  water-from  p  to  o  in  the  same  time  which  the 
current  requires  to  run  from  p  to  N,  then  his  actual  motion,  in 
consequence  of  the  combined  effect  of  his  action  in  swimming 
and  the  force  of  the  current,  will  be  in  the  direction  p  m,  directly 
across  the  stream  ;  as  this  direction  will  be  the  diagonal  of  the 
parallelogram,  whose  sides  represent  the  two  forces  to  which  his 
body  is  exposed. 

But,  under  these  circumstances,  although  he  will  pass  directly 
across  the  stream  from  p  to  m,  instead  of  being  carried  diagonally 
down  it,  as  in  the  last  example,  along  the  line  P  m'  {Jig.  23),  he 
will  take  a  longer  time  and  greater  exertion  to  cross  the  river. 
In  the  former  example,  as  his  motion  was  perpendicular  to  the 
stream,  the  force  of  the  current  did  not  in  any  wise  retard  his 
course  in  swimming,  but  merely  changed  the  point  of  the  oppo- 
site bank  at  which  he  arrived  ;  and  although  he  passed  over  a 
greater  space  in  the  water,  yet  the  increased  distance  over  which 
he  moved  was  due,  not  to  his  own  exertion,  but  to  the  current. 
In  the  latter  instance,  however,  a  part  of  his  exertion  is  ex- 
pended in  stemming  the  current,  so  as  to  prevent  his  descend- 
ing the  stream,  and  another  part  in  crossing  the  river. 

84.  7oroes  aotingr  on  a  sblp  op  boat. — A  vessel  impelled 
at  the  same  time  by  wind  and  tide  in  different  directions  pre- 
sents another  example  of  the  composition  of  motion.  If  we 
suppose  the  wind  to  impel  the  vessel  in  the  direction  of  the 
keel,  and  at  the  same  time  the  tide  to  act  at  right  angles  to 
the  keel,  giving  the  vessel  a  lateral  motion,  the  real  course  of 
the  vessel  will  be  intermediate  between  the  direction  of  the 
keel  and  the  direction  of  the  tide  at  right  angles  to  the  keel. 
The  exact  direction  of  this  course  may  be  determined  by  the 
composition  of  motion,  provided  the  force  of  the  tide  and  the 
effect  of  the  wind  be  known. 

Let  us  suppose,  for  example,  that  the  force  of  the  tide  is 
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four  miles  an  hour,  and  that  the  effect  of  the  wind  is  such  that 
if  there  were  no  tide  the  vessel  would  be  carried  in  the  direction 
of  its  keel  at  the  rate  of  seven  miles  an  hour.  The  actual  course 
of  the  vessel  will  then  be  the  diagonal  of  a  parallelogram,  one 
side  of  which  is  in  the  direction  of  the  vessel,  measuring  seven 
miles,  and  the  other  at  right  angles  to  the  keel,  and  in  the 
direction  of  the  tide,  measuring  four  miles. 

The  action  of  the  oars  in  impelling  a  boat  is  an  example  of 
the  composition  of  forces.  Let  a  {fig.  25)  be  the  head,  and  b 
the  stern  of  the  boat.  The  boatman  pre- 
sents his  face  towards  b,  and  places  the 
oars  so  that  their  blades  press  against  the 
water  in  the  directions  c  E,  D  f.  The 
resistance  of  the  water  produces  forces  on 
the  sides  of  the  boat  in  the  directions 
G  L  and  H  L,  which  by  the  composition  of 
motion  are  equivalent  to  the  diagonal  force 
K  L,  in  the  direction  of  the  keel. 

Similar  observations  will  apply  to 
almost  every  body  impelled  by  instruments 
projecting  from  its  sides,  and  acting  against  a  fluid.  The  mo- 
tion of  fishes,  the  act  of  swimming,  the  flight  of  birds,  are  all 
instances  of  the  same  kind. 

Numerous  other  examples  may  be  derived  from  navigation, 
illustrative  of  the  composition  and  resolution  of  forces  and 
motion.  The  action  of  the  wand  on  tlie  sails  of  a  vessel  and 
the  eff'ects  produced  by  the  reaction  of  the  water,  is  one  of 
these. 

Let  A  B  {fig.  26)  represent  the  position  of  the  sail,  and  let 
the  wind  be  supposed  to  blow  in  the  directicm  c  d  oblique  to  the 
I  sail,  its  force  being  represented  by  the  line 

CD.  Let  c  D  be  considered  as  the  diagonal 
of  a  parallelogram  whose  sides  are  E  d  and 
F  D,  the  foimer  perpendicular  to  the  sail, 
and  the  latter  in  the  direction  of  its  surface. 
We  may  then  consider  the  actual  wind  to  be 
represented  by  two  difierent  winds,  one  of 
which  blows  in  a  direction  perpendicular 
to  the  surface  of  the  sail,  while  the  other 
blows  along  the  sail  edgewise,  and  will 
therefore  produce  no  efiect. 

The  etiective  part,  therefore,  of  the  wind  c  D  will  be  repre- 
sented by  E  D.  Now,  this  force  e  d,  thus  acting  perpendicularly 
to  the  sail,  will  still  act  obliquely  to  the  keel.     Let  the  force, 
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therefore,  of  the  wind  upon  the  sail  be  represented  by  d  g,  the 
diagonal  of  a  parallelogram,  one  side  of  which,  d  h,  is  in  the 
direction  of  the  keel,  and  the  other,  d  i,  perpendicular  to  it. 
The  component  of  the  wind,  therefore,  expressed  by  d  b,  may 
be  imagined  to  be  replaced  by  two  distinct  winds,  one,  d  h,  in 
the  direction  of  the  keel,  and  the  other,  D  i,  at  right  angles  to 
the  keel. 

The  original  force  of  the  wind  c  d  will  thus  be  expressed  by 
three  distinct  winds,  one,  d  f,  striking  the  sail  edgewise,  and 
therefore  inefficient ;  another,  d  i,  acting  at  right  angles  to  the 
vessel,  and  therefore  producing  lee-way  ;  and  the  third,  d  h, 
acting  in  the  direction  of  the  keel  from  stern  to  stem,  and  there- 
fore propelling  th^e  vessel. 

In  this  case,  it  appears  that  a  wind  blowing  at  right  angles 
to  the  course  of  the  vessel,  and  having,  therefore,  in  itself  no 
tendency  to  propel  the  vessel,  is  nevertheless,  by  the  resolution 
of  forces,  shown  to  be  efficient  for  propulsion. 

It  is  easy  to  show  that  this  principle  may  be  pushed  further, 
and  that  a  wind  which  may  blow  in  a  direction  nearly  opposite 
to  the  course  of  the  vessel  may,  by  the  proper 
application  of  the  same  principle  of  the  resolu- 
tion of  force,  be  made  to  propel  a  vessel.  In 
fig.  27  the  wind  is  represented  as  blowing  in 
the  direction  c  o,  forming  an  acute  angle  with 
the  course  of  the  vessel,  and  therefore  to  a 
great  extent  opposed  to  it.  Let  us  suppose 
that  the  rigging  admits  of  placing  the  sail  so  as 
to  form  a  still  more  acute  angle  with  the  course 
of  the  vessel  than  does  the  wind.  The  sail  will 
thus  lie  between  the  line  c  d,  representing  the  direction  of  the 
wind,  and  the  line  i>  v,  representing  the  direction  of  the  keel. 
As  before,  c  d,  by  two  successive  resolutions  of  forces,  is  shown 
to  be  equal  to  three  different  winds  :  ist,  a  wind  represented  by 
F  D,  blowing  edgewise  along  the  sail,  and  therefore  inefficient ; 
2nd,  a  wind,  d  i,  blowing  at  right  angles  to  the  course  of  the 
vessel,  and  therefore  producing  lee-way ;  and  3rd,  a  wind, 
D  M,  in  the  direction  of  the  keel,  from  stem  to  stem,  and  there- 
fore efficient  for  propulsion . 

,  It  is  evident,  however,  that  the  more  oblique  the  wind  may 
be  to  the  course  of  the  vessel,  the  smaller  will  be  the  component 
of  its  force,  represented  in  the  diagram  by  d  h,  which  is 
efficient  for  propulsion  ;  and  the  greater  will  be  the  component 
F  r>,  acting  edgewise  along  the  sail,  and  therefore  inefficient.  This 
will  be  apparent  from  the  mere  inspection  of  the  two  diagrams. 
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The  limit  of  the  practical  application  of  this  principle  in 
sailing  is  determined  by  the  play  given  by  the  rigging  to  the 
sails.  There  is  in  each  species  of  rigging  a  practical  limit  be- 
yond which  it  is  impossible  to  place  the  sails  obliquely  to  the 
keel.  A  wind  which  blows  from  the  quarter  near  this  limit 
cannot  be  rendered  useful.  It  will  be  apparent,  therefore,  that 
different  kinds  of  rigging  supply  diiFeient  limits  to  the  applica- 
tion of  this  principle  ;  and  we  accordingly  find  that  one  form  of 
vessel  is  capable  of  sailing  nearer  to  the  wind  than  another. 

But  even  though  the  wind  should  blow  in  a  direction  im- 
mediately opposed  to  the  course  of  the  vessel,  we  are  enabled, 
by  another  application  of  the  principle  of  the  resolution  of  force, 
to  press  such  an  adverse  wind  into  the  service,  and  to  render  it 
available  in  carrying  the  vessel  onwards. 

This  object  is  attained  by  the  expedient  called  tacking,  which 
is  nothing  but  a  practical  application  of  the  resolution  of  force. 
Supposing  the  course  which  the  vessel  has  to  pursue  to  be  due. 
west,  while  the  wind  is  blowing  towards  due  east,  then  the 
course  of  the  vessel  due  west  is  to  be  regarded  as  the  diagonal 
of  a  parallelogram  whose  sides  are  directed  alternately  to  some 
points  north  and  south  of  west. 

Let  A  w  ffifj.  28)  be  the  course  of  the  vessel  departing  from 
A.  ;  it  sails  from  A  to  D,  some  points  north  of  west  ;  from  d  it 
sails  to  d',  some  points  south  of  west  ;  from  d'  it  sails  to  W, 


\V- 


Fig.  28. 

parallel  to  a  d  ;  and  from  d"  to  d'",  parallel  to  D  d'  ;  and  so  on. 
Thus,  at  first,  instead  of  sailing  direct  from  a  to  b',  it  reaches  b' 
by  sailing  over  two  sides  a  d  and  n  b'  of  a  parallelogram  whose 
diagonal  is  a  b'.  Again,  instead  of  sailing  directly  from  b'  to 
b",  it  sails  from  b'  to  d',  and  from  d'  to  b",  over  two  sides  of  a 
parallelogram  whose  diagonal  is  b'  b"  ;  and  so  on.  The  vessel  is 
thus  conducted  over  the  sides  of  a  series  of  parallelograms,  the 
succession  of  whose  diagonals  forms  its  right  course. 

85.  Otlier  examples  on  composition  of  motion. — If  a  ball 
of  lead  be  taken  to  the  masthead  of  a  vessel  which  is  advancing 
under  sail  or  steam,  and  be  let  drop  downwards,  it  might  at  first 
be  supposed  that  this  ball  would  fall  at  a  point  vertically  under 
that  from  which  it  was  discharged,  in  which  case  it  would  neces- 
sarily strike  the  deck  just  so  far  behind  the  mast  as  would  be 
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equal  to  the  space  through  which  the  vessel  had  advanced  in  its 
course  during  the  time  of  the  fall. 

But  we  find,  on  the  contrary,  that  the  ball  strikes  the  deck  at 
the  foot  of  the  mast  precisely  in  the  place  where  it  would  have 
struck  it  had  the  vessel  been  at  rest. 

This  fact  is  explained  by  the  principle  of  the  composition  of 
motion. 

Let  A  B  (fig.  29)  be  the  course  of  the  ship.  Let  b  t  be  the 
position  of  its  mast  at  the  moment  the  ball  is  dropped  ;  and  let 
b'  t'  be  the  position   of   the  mast   at  t  t 

the  moment  the  ball  falls  on  the  deck, 
the  ship  having  advanced  through  the 
space  B  b'  during  the  interval  of  the 
fall.  The  ball  by  being  dropped  from 
the  top  of  the  mast  has  in  common  with 
the  ship  its  progressive  motion  ;    and  b'       b 

if  it  had  not  been   dropped,  it  would  Fig.  29. 

have  moved  through  the  space  T  t',  precisely  equal  to  b  b',  in  the . 
time  of  the  fall.  This  progressive  motion  during  the  fall  is  com- 
bined with  the  vertical  motion,  and  if  the  vertical  descent  were 
made  with  a  uniform  velocity,  the  ball  would,  by  reason  of  the 
combined  effect  of  the  two  motions,  move  along  the  diagonal  of 
the  parallelogram,  t  B  b'  t'.  But  the  vertical  descent  of  the  ball 
not  being  uniform,  but  first  moving  more  slowly,  and  then 
moving  more  rapidly,  it  will  idove  not  along  the  diagonal  of 
the  parallelogram,  but  along  a  curve  represented  by  the  dotted 
line  in  the  figure,  which  curve  will  be  described  more  in  detail 
hereafter ;  but  at  the  termination  of  the  fall  the  ball  will  be 
found  at  the  foot  of  the  mast. 

The  same  illustration  is  presented  in  a  still  more  striking 
form  by  the  movement  of  a  carriage  on  a  railway.  Let  us 
suppose  that  a  carriage  is  moving  along  a  line  of  railway,  at  the  ' 
rate  of  60  miles  per  hour,  and  a  ball  is  dropped  from  it  at  the 
height  of  16  feet  as  it  moves.  If  this  ball  fell  vertically  it 
would  strike  the  ground  at  a  point  30  yards  behind  the  point  of 
the  carriage  from  which  it  was  dropped  ;  for  the  time  of  falling 
16  feet  is  one  second,  and  in  one  second  a  carriage  moving  60 
miles  per  hour  would  move  over  30  yards.  The  carriage  would, 
therefore,  be  30  yards  in  advance  of  the  point  at  which  the  ball 
w'as  let  fall.  But  it  is  found  that,  as  in  the  former  case,  the  ball 
will  meet  the  ground  at  a  point  vertically  under  the  part  of  the 
carriage  from  which  it  was  let  fall,  which  renders  it  evident  that 
during  the  fall  the  ball  advances  with  the  same  progressive 
motion  as  the  carriage. 
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Let  T  {fig.  30)  represent  the  point  from  which  the  ball  is  dis- 
engaged, and  B  the  point  of  the  rails  vertically  under  it,  the 
height  T  B  being  16  feet.  Let  b  b'  be  30  yards.  In  one  second 
after  the  ball  has  been  disengaged,  the  point  t  will  have  been 
carried  forwards  to  t'  vertically  above  b'.  At  the  moment  the 
ball  was  disengaged  from  t,  it  participated  in  the  progressive 
motion  of  the  carriage  ;  and  consequently,  having  a  motion  in 
the  direction  of  t  t',  which,  if  it  had  not  been  disengaged, 
would  have  carried  it  to  t'  in  one  second,  during  the  fall  this 
motion  is  combined  with  that  of  the  vertical  descent,  and  the 
combination  of  the  two  motions  wiQ  cause  the  ball  to  move 
over  the  curve  represented  by  the  dotted  line,  and  to  arrive  at 
b',  the  point  vertically  under  t',  at  the  end  of  a  second. 


Fig,  3a 

These  eflfects  may  be  illustrated  in  a  still  more  obvious 
manner  by  supposing  a  vertical  tube  16  feet  high  carried  with 
the  train,  like  the  smoke  funnel  of  the  engine.  If  a  ball  were 
held  over  the  centre  of  the  top  of  the  mouth  of  the  funnel,  and 
let  fall,  it  would,  if  the  train  were  at  rest,  strike  the  bottom  of 
its  centre  point,  falling  directly  along  the  centre  or  axis  of  the 
tube.  If  the  tube  be  carried  forward  with  any  velocity,  such 
as  60  miles  an  hour,  the  side  of  the  tube  will  not  be  carried 
against  the  ball  by  such  progressive  motion,  as  might  be 
imagined,  but  the  ball  during  its  descent  will  still  keep  exactly 
in  the  centre  of  the  tube,  as  it  would  have  done  had  the  tube 
been  at  rest. 

86.  Motion  of  billiard  balls.— The  skill  of  the  billiard- 
player  depends  on  his  dexterous  application  of  the  composition 
and  resolution  of  motion.  AH  the  movements  of  the  balls,  in 
obedience  to  the  cue,  and  whether  reflected  from  each  other  or 
from  the  cushions,  are  determined  by  those  principles.  Let  p 
{fijg.  31)  be  a  billiard  ball  driven  in  the  direction  p  o  by  the  cue. 
At  o  let  it  strike  the  cushion  m  n.  The  force  of  the  impact  naay 
be  represented  by  the  dotted  line  o  a,  which  is  the  diagonal  of  a 
parallelogram,  one  side  of  which  is  o  b  perpendicular  to  the 
cushion,  and  the  other  o  c  in  the  direction  of.  the  cushipn.  The 
effect,  therefore,  is  the  same  as  if,  at  the  moment  the  ball  struck 
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the  cushion,  it  were  influenced  by  two  independent  forces  re- 
presented by  o  c  and  o  b.  The  force  o  b  being  perpendicular  to 
the  cushion  is  destroy- 
ed by  its  reaction  ; 
but  the  ball,  being 
elastic,  receives  a  re- 
bound in  the  contrary 
direction  o  b'.  The 
force  o  c  being  in  the 
direction  of  the  cushion 
is  not  destroyed,  and 
being  combined  with 
that  of  the  rebound 
o  b'  wiU  cause  the  ball 
to  move  along  the  dia- 
gonal o  D  of  the  paral- 
lelogram, of  which 
these  two  lines  o  c 
and  o  b'  are  the  sides.  -^  ^ .. 

If  o,  instead  of  being  ^^s-  3^- 

a  point  upon  the  cushion,  had  been  a  point  upon  the  surface 
of  another  ball,  the  effects  would  be  the  same  ;  only  in  this 
case  the  line  m  n  would  represent,  not  the  cushion,  but  a 
tangent  plane  to  the  ball  at  the  point  of  impact. 

In  Jig.  32,  the  cushion  of  the 
table  and  the  ball  are  shown,  a  b 
being  the  direction  in  which  the 
ball  strikes  the  cushion  ;  b  &  that 
in  which  it  is  reflected,  and  b  d 
the  force  of  the  blow  on  the 
cushion. 

The  skill  of  the  billiard-player  Fig.  32. 

consists  in  a  knowledge  of  the  combination  of  such  effects  of  the 
composition  and  resolution  of  motion  ;  but,  instead  of  deriving 
it  from  the  physical  principles,  he  usually  obtains  his  knowledge 
by  long-continued  experience. 

In  Jig.  33,  a  stroke  is  represented  in  which  a  cannon  is  made, 
after  successive  reflections  from  each  of  the  four  cushions,  at  the 
points  marked  o.  The  ball  p  is  first  directed  in  the  line  p  o, 
upon  the  ball  p',  so  that,  being  reflected  from  it,  it  strikes  the 
four  cushions  successively  at  the  points  marked  o,  and  is  finally 
reflected  so  as  to  strike  the  third  ball  p".  At  the  rebound  from 
the  ball  p'  and  at  each  of  the  reflections  from  the  four  cushions, 
the  same  composition  and  resolution  of  forces  takes  place  as  is 
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represented  in  fig.  31  ;  and  the  diagrams  showing  such  compo- 
sition and  resolution  are  given  at  the  various  points  of  collision 

^^fig-  33. 

-171- 


Fg.  33. 

87.  Direct  proof  of  tbe  earth's  rotation.  Fartber  illus- 
trations.— The  principle  of  the  composition  and  resolution  of 
motion  has  been  ingeniously  applied  for  the  purpose  of  obtaining 
direct  demonstration  of  the  diurnal  motion  of  the  earth. 

If  a  high  tower  or  steeple  be  erected  on  the  surface  of  the 
earth,  it  is  evident  that,  in  consequence  of  the  revolution  of  the 
globe  upon  its  axis,  the  top  of  the  tower  will  be  moved  in  a 
greater  diurnal  circle  than  the  base,  being  more  distant  from  the 
common  centre  round  which  the  entire  globe  is  moved.  The 
top  of  the  tower,  therefore,  and  anything  placed  upon  it,  has  a 
greater  velocity  from  west  to  east,  which  is  the  direction  of  the 
earth's  rotation,  than  has  the  base. 

Now  if  we  imagine  a  heavy  ball  to  be  let  fall  from  the  top  of 
fir_towards  the  base,  this  ball  will  be  affected  by  two 
motions  :  i  st,  that  which  it  has  in  common  with  the  top  of  the 
tower  from  west  to  east,  in  virtue  of  the  earth's  diurnal  motion  ; 
and  2nd,  that  vertical  motion  which  it  has  in  falling.  The 
course  it  will  follow  will  therefore  depend  on  the  combination  of 
these  two  motions,  and  it  will  strike  the  ground  at  a  point  east 
of  that  which  it  occupied  at  the  commencement  of  its  fall,  by  a 
space  equal  to  that  through  which  the  top  of  the  tower  is 
carried  during  the  time  of  the  fall.  But  during  this  same  inter- 
val the  base  of  the  tower  is  also  moving  eastward,  but,  as  has 
been  explained,  through  a  less  space.  Now  as  the  ball  is 
carried  eastward  through  the  space  through  which  the  top  of 
the  tower  is  carried,  while  the  base  of  the  tower  is  carried  east- 
ward through  a  less  space,  the  ball,  instead  of  falling  at  the 
base  of  the  tower,  which  it  would  do  if  there  was  no  diurnal 


Digitized 


by  Google 


COMPOSITION  AND  RESOLUTION  OF  MOTION.     73 

rotation  of  the  earth,  will  fall  just  so  much  east  of  the  base 
as  is  equal  to  the  difference  between  the  motion  of  the  top  and 
the  motion  of  the  bottom  of  the  tower. 

As  the  difference  between  its  two  motions  must  be  an  ex- 
tremely minute  quantity,  it  might  be  supposed  that  such  an 
experiment,  though  beautiful  in  theory,  would  be  impracticable, 
the  quantity  which  would  indicate  the  effect  of  rotation  being 
smaller  than  could  be  accurately  measured.  The  experiment, 
nevertheless,  has  been  made  ;  and  the  result  has  been,  within 
the  limits  of  error,  such  as  would  be  produced  by  a  diurnal 
revolution  of  the  earth  in  twenty-four  hours. 

Many  of  the  striking  feats  exhibited  in  gymnastic  and  eques- 
trian exhibitions  are  easily  explained  by  the  principles  of  the 
composition  and  resolution  of  motion. 

As  an  example,  let  us  take  the  case  in  which,  the  exhibitoi 
standing  on  the  saddle,  a  table  or  other  elevated  object  is  held 
before  him,  above  the  height  of  the  horse,  but  below  that  of  the 
rider,  so  that  the  horse  may  pass  under  the  table,  which  would 
obstruct  the  progress  of  the  rider.  In  this  case  the  rider  leaps 
over  the  table,  and  returns  to  the  same  point  of  the  saddle 
which  he  left  when  the  horse  had  passed  under  the  table.  Now, 
this  feat  demands  from  the  rider  a  muscular  exertion  extremely 
different  from  that  which  might  be  expected. 

Let  us  suppose  the  course  of  the  horse  to  be  represented  by 
A  a'  (Jig.  34),  the  table  by  t  b,  and  the  position  of  the  rider 
upon  the  saddle  when  the  . 

horse  approaches  the  table ,  -''  T\ 

and  when  the  leap  is  about  y       r....^. 


to  be  effected,  by  R  d.     At  j       y     y  \^     \^ 

this  point  the  rider  leaps,  j  y'     ^/[    ^  _^^-^v  \ 

not    with    a   force    which       tSY     *0^  II  "'^ 


\ 


not    with    a   force    which 

would  project   him    over 

the  table,  but  with  one       ^V 

which  would  project  him       ^ 

veHically  upioarda  to  the  •• — ^  < — ^ 

position    represented    by  ^^^'  34- 

r'  d\     This   motion,   combined  with  the    progressive    motion 

which   the  rider  has  in  common  with  the  horse,  and  which  is 

represented  by  R  t,  will  cause  the  rider  to  move,  not  directly 

upwards,    in  immediate  obedience  to  his  exertion,  but  in  the 

diagonal  direction  R  r,  so  that  at  the  moment  the  horse  comes 

<&ectly  under  the  table  the  rider  is  directly  over  it  at  r  d.   The 

upward  force  of  the  leap  being  here  expended,  the  body  of  the 

rider  begins  to  fall,  and,  if  not  urged  by  a  progressive  motion, 
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/ 


/ 


would  fall  on  the  table.     But  retaining  the  progressive  motion, 
the  descending  motion  during  the  fall  is  combined  with  the  pro- 
gressive   motion,   and 
the  rider  accordingly 
descends  in  the  dia- 
gonal  direction   r  r', 
and    arrives     at    the 
point  r'   precisely  at 
^    the  moment  that  the 
saddle   borne   by  the 
Fig-  35-  horse   arrives    at  the 

same  point,  so  that  the  rider  returns  to  his  position  on  the  saddle 
at  r'  which  he  left  at  r. 

Strictly  speaking,  in  tliis  example,  the  motion  of  the  rider  does 
not  take  place  in  the  right  lines  represented  by  the  diagonals 
in  the  figure,  but  in  lines  slightly  curved  (fig.  35).  This,  how- 
ever, makes  no  difference  in  the  principle  involved  in  the  case. 
88.  Forces  acting:  on  a  kite. — The  flying  of  a  kite  presents 
an  example  of  tlie  principle  of  the  composition  of  forces.  Let  K 
j\       y  (fig.    36)    be     the 

point  on  which  the 
force  of  the  wind 
may  be  considered 
as  concentrated, 
and  let  the  direc- 
tion and  quantity 
of  this  force  be  re- 
presented by  the 
horizontal  line  k  w. 
This  line  k  w  may 
be  taken  as  the 
diagonal  of  a  paral- 
lelogram, one  side 
of  which,  K  L,  is  in 
I'ig-  36.  the  direction  paral- 

lel to  the  surface  of  tlie  kite,  and  the  other,  K  M,  perpendicular  to 
it.  The  former  component,  K  l,  being  in  the  direction  of  the 
surface  of  the  kite,  glides  off  witliout  effect ;  the  latter,  K  3f, 
being  perpendicuhir  to  tlie  kite,  is  effective.  If  the  string  of 
the  kite  be  in  the  direction  k  a,  directly  opposed  to  k  m, 
then  the  tension  of  the  string  will  balance  the  force  K  M,  and 
the  kite  will  remain  suspended  in  the  air,  without  rising  higher  ; 
but  if  the  direction  of  the  string  be  k  a',  making  an  angle  with 
K  M,  then  the  tension  of  the  string  acting  in  the  direction  k  a', 
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and  the  component  of  the  wind  acting  in  the  direction  of  K  M, 
wiU  produce  a  resultant  action  in  some  intermediate  direction 
such  as  K  s,  and  this  resultant  will  cause  the  kite  to  rise  to  the 
point  N,  describing  a  circle  round  the  centre  a',  and  the  kite 
will  ascend  in  this  circle  until  the  string  k  a  takes  the  direction  of 
the  component  of  the  wind  to  which  it  is  opposed.  The  weight 
of  the  kite  may  in  these  considerations  be  neglected,  as  it  is  very 
smaU  when  compared  with  the  effect  of  the  wind  on  the  kite. 

89.  ilbsolnte  and  relative  motion. — Motion  is  usually 
distinguished  into  absolute  and  relative.  In  reality,  however,  we 
can  only  conceive  of  relative  motion,  because  the  fact  that  a 
body  is  in  motion  can  only  be  ascertained  by  reference  to  some 
other  body,  which  is  not  moving  with  it. 

If  a  man  walk  upon  the  deck  of  a  ship  from  stem  to  stem, 
he  has  a  motion,  relative  to  the  deck,  measured  by  the  space  upon 
it  over  which  he  walks  in  a  given  time  ;  but  while  he  thus 
walks  from  stem  to  stem,  the  ship  and  its  contents,  including 
himself,  are  carried  in  an  opposite  direction. 

If  it  should  so  happen  that  his  own  progressive  motion  from 
stem  to  stem  is  exactly  equal  to  the  progressive  motion  of  the 
ship,  then  he  will  be  at  rest  with  regard  to  the  surface  of  the  sea, 
and  will  remain  vertically  above  the  same  point  of  the  surface  : 
for  his  own  motion  on  the  surface  of  the  deck  in  one  direction  is, 
.by  this  supposition,  exactly  equal  to  the  motion  of  the  ship  in 
the  other  direction. 

If  he  walk  upon  the  deck  at  a  slower  rate  than  the  progress 
of  the  ship,  then  he  will  have  a  motion  relatively  to  the  sea,  in 
the  direction  of  the  ship's  motion,  equal  to  the  difference 
between  the  rate  of  the  ship  and  the  rate  of  his  own  motion  on 
the  deck  ;  but  if  he  move  from  stem  to  stem  on  the  deck  at  a 
more  rapid  rate  than  the  ship  advances,  then  he  will  have  a 
motion  relative  to  the  sea  contrary  to  that  of  the  ship,  and 
equal  to  the  difference  between  the  rate  of  the  ship  and  the  rate 
of  his  own  motion  on  the  deck. 

But  these  motions  are  again  compounded  with  that  of  the 
earth,  in  which  the  man  who  walks,  the  ship  which  sails,  and 
the  sea  itself  participate  ;  and  if  the  absolute  motion  of  the  man 
who  walks  upon  deck  is  required  to  be  determined,  it  would  bo 
necessary  to  combine,  by  the  principles  of  the  composition  of 
motion,  ist,  the  motion  of  the  man  upon  the  deck  ;  2nd,  the 
motion  of  the  ship  through  the  water  ;  3rd,  the  motion  of  the 
earth  on  its  axis  ;  4th,  the  motion  of  the  earth  in  its  orbit ;  and 
finally,  the  motion  of  the  solar  system  through  space. 

90.  Momentum. — That  a  mass  of  matter  mo\'ing  in  any 
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manner  produces  a  certain  effect  upon  any  object  which  may  lie 
in  its  way  is  a  physical  law  which,  of  all  others ,  is  the  most 
early,  the  most  frequent,  and  the  most  universal  result  of  obser- 
vation and  experience. 

The  moving  mass  of  a  hammer-head  will  produce  an  effect 
upon  a  nail  sufficient  to  make  it  penetrate  wood — an  effect  which 
no  common  pressure  could  produce.  The  effect  of  the  hammer- 
head of  the  sledge-hammer  will  be  to  compress  and  vary  the  form 
of  a  mass  of  metal  under  it.  By  the  effect  of  a  descending 
mass  of  matter,  the  die  impresses  upon  a  piece  of  metal  the 
image  and  characters  of  the  coin  with  more  fideUty  and  effect 
than  the  pressure  of  the  hand  could  produce  them,  if  similarly 
applied  to  wax. 

A  moving  mass  will  cause  a  punch  to  penetrate  a  thick  plate 
of  iron,  or  shears  to  cut  the  same  plate,  with  as  much  facility 
as  a  needle  would  penetrate,  or  common  scissors  cut  this  paper. 

The  moving  masses  of  the  spear,  the  javelin,  and  the  arrow, 
and  of  the  bullet  and  the  cannon-ball,  have  been  used  as  de- 
structive projectiles  in  war,  ancient  and  modem. 

This  quality  equally  appertains  to  matter  in  the  liquid  form. 

The  torrent,  when  a  river  overflows  its  banks,  carries  away 
buildings  and  levels  towns.  The  moving  stream  is  used  to  turn 
the  mill  and  discharge  various  mechanical  functions.  They  who 
have  stood  at  the  foot  of  the  falls  of  Niagara  have  undoubtedly 
become  conscious  of  the  frightful  energy  of  the  mechanical  power 
developed  by  the  motion  of  the  mass  of  waters  forming  that 
cataract. 

The  same  quality  belongs  to  matter  even  in  the  attenuated 
form  of  air.  Air  in  motion  carries  the  ship  over  the  sea,  and, 
acting  upon  the  diverging  arms,  impels  the  mill.  The  tempest 
agitates  the  deep,  and  flings  the  largest  vessel,  with  destructive 
force,  upon  the  rock.  The  moving  atmosphere  in  the  hurricane 
devastates  countries,  overturning  buildings  and  tearing  up  by 
the  roots  the  largest  trees. 

Tt  will,  therefore,  be  understood  how  important  it  is  to  in- 
vestigate the  laws  which  govern  a  quality  of  matter  which  pro- 
duces such  effects. 

It  is  not  enough  to  know  that  matter  in  motion  will  exercise 
this  effect  on  any  object  which  it  encounters  ;  we  must  be  able 
to  express,  with  arithmetical  precision,  the  conditions  on  which 
the  effect  produced  in  each  case  depends ;  we  must  be  able  to 
determine,  when  two  difierent  masses  of  matter  are  moving 
under  known  conditions,  what  is  the  proportion  between  the 
effect  which  they  would  respectively  produce  on  any  object 
which  they  might  strike. 


Digitized 


by  Google 


COMPOSITION  AND  RESOLUTION  OF  MOTION.     ^^ 

If  a  leaden  ball,  of  a  certain  magnitude,  moves  with  a  certain 
Telocity,  and  strikes  an  object,  the  effect  produced  will  depend 
upon  certain  definite  laws.  To  ascerT,ain  these  laws  we  must 
first  define  momentum.  If  another  leaden  ball,  of  the  same 
magnitude,  moving  by  the  side  of  the  first  ball,  with  the  same 
velocity,  strike  the  same  object  at  the  same  time,  it  will  evidently 
strike  it  with  the  same  effect,  so  that  the  joint  mechanical  effect 
produced  by  the  two  balls  will  be  precisely  double  that  which 
would  be  produced  by  either  of  them. 

But  if  we  suppose  the  two  balls  moulded  into  one,  so  as  to 
make  a  ball  of  double  magnitude,  the  effect  of  the  impact  will 
still  be  the  same,  provided  the  velocity  is  the  same.  It  results 
therefore,  in  general,  that  if  two  bodies  be  moving  with  the 
same  velocity,  one  having  twice  the  quantity  of  matter  of  the 
other,  the  mechanical  effect  produced  by  the  body  containing 
double  the  mass  wUl  be  twice  that  produced  by  the  other. 

By  the  same  mode  of  reasoning,  it  may  be  shown  generaUy 
that,  m  whatever  proportion  the  mass  of  the  body  in  motion  be 
increased,  the  effect  with  which  it  would  strike  an  object  in  its 
way  will  be  increased  in  the  same  proportion.  This  effect 
exerted  by  a  mass  of  matter  in  motion,  depends  thus  on  the 
mass  and  the  velocity  of  a  body.  Now  the  product  of  the  mass 
into  its  velocity  of  motion,  or  the  quantity  of  motion  of  ^  body 
is  called  m  mechanics  by  the  term  m^neutum. 

When  the  velocity  is  the  same,  therefore,  the  momentum 
of  bodies  AS  directly  proportional  to  their  masses  or  quantities 
of  matter. 

It  is  found  that  any  force  which  would  impel  a  ball  with 
a  given  velocity  must  be  doubled,  if  the  ball  is  to  be  im 
peDed  with  double  the  velocity,  and  increased  in  a  threefold 
proportion  if  the  ball  be  required  to  be  impelled  with  three 
times  the  velocity,  and  so  on.  It  is  evident,  therefore,  that  the 
momentum  of  a  body  will  be  augmented  in  the  exact  propor- 
tion m  which  Its  velocity  is  increased,  its  mass  or  quantity  of 
matter  remaining  the  same.  Thus  the  momentum  with  which  a 
baU  weighmg  an  ounce  and  moving  at  ten  feet  per  second  will 
strike  any  object  will  be  exactly  ten  times  th^  momentum  with 
which  the  same  ball,  moving  at  one  foot  per  second,  would  strike 
such  an  object. 

These  fundamental  principles  are  so  obviously  consistent 
with  universal  experience  that  they  can  scarcely  be  said  to 
require  proof.  Yet,  abundant  proofs  of  the  truth  of  these 
principles  have  been  supplied  by  numberless  investigations  in 
which  the  relation  between  moving  masses,  their  magnitudes 
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their  velocities,  and  their  mechanical  eflfects  have  been  subjected 
to  accurate  measurement. 

91.  Sxamples. — If  we  project  a  stone  from  the  hand  we 
give  it  but  a  slight  impulse  if  our  purpose  be  to  impart  to  it  a 
slow  motion  ;  but  if  we  desire  to  project  it  with  greater  speed, 
we  exercise  a  greater  force  of  projection.  Now,  as  the  stone 
receives  all  the  force  communicated  by  the  hand,  it  is  evident 
that  the  increase  of  force  in  this  case  is  exhibited  by  the  increase 
of  velocity  of  the  motion  of  the  projectile,  the  body  projected 
being  the  same. 

If  we  find  a  certain  muscular  exertion  sufficient  to  project  a 
ball  of  10  lbs.  weight  with  a  certain  velocity,  we  shall  find  it 
necessary  to  use  double  the  force  if  we  desire  to  project  a  ball  of 
20  lbs.  weight  with  the  same  velocity. 

A  man's  force  exerted  upon  oars  can  propel  a  skiff  weighing 
100  lbs.  through  the  water  at  the  rate  of  ten  feet  per  second  ; 
but  the  same  force  applied  in  the  same  manner  to  a  vessel 
weighing  a  hundred  tons  would  not  move  it  faster  than  a  six- 
teenth of  an  inch  per  second  ;  for,  since  the  same  force  would 
be  then  applied  to  a  body  more  than  two  thousand  times 
heavier,  the  speed  of  the  motion  would  be  more  than  two  thou- 
sand times  less. 

To  express  momentum  algebraically,  let  m  express  the  mass 
of  the  body,  and  v  its  velocity  ;  then  m  x  v  will  express  its 
momentum  :  and  if  m'  ex^^ress  the  mass  of  another  body,  and  v' 
express  its  velocity,  m'   x   v'  will  express  its  momentum. 

Nothing  can  be  more  simple  or  easy  than  the  use  of  such 
symbols,  provided  it  l)e  observed  that  the  sjime  units  are  used 
in  each  case  formatter,  and  space,  and  time.  Thus,  for  example, 
if  in  the  first  case  the  mass  m  be  expressed  by  its  weight  in 
pounds,  and  the  velocity  v  by  the  7iumber  of  feet  moved  over 
per  second,  then  it  is  necessary,  in  the  second  case,  that  the 
mass  m'  should  also  be  expressed  in  pounds,  and  the  velocity  v' 
also  in  feet  per  second,  if  the  momenta  of  these  masses  are  to 
be  ma<le  a  subject  of  comparison. 

For  example,  if  the  mass  M  l)e  10  lbs.,  and  the  velocity  v  be  5 
feet  per  second,  then  the  product  M  x  v  =  50  ;  the  meaning  of 
which  is,  that  the  momentum  of  the  body  M  liaving  the  velocity 
v  will  l)e  the  same  as  the  momentum  of  a  body  weigliing  50  lbs., 
moving  at  tlie  rate  of  one  foot  per  second. 

If  tlie  mass  l)e  5,  instead  of  10,  and  the  velocity  10,  instead 
of  3,  we  sliould  still  obtain  for  the  momentum 

M  X  V  =  50, 
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showing  that  the  momentum  would  in  both  cases  be  the  same. 
But  there  is  an  essential  difference  between  both  cases  with 
reference  to  the  effects  produced  by  both  moving  bodies,  which 
will  be  explained  hereafter. 

In  these  two  cases  the  momenta  are  equal,  although  the  mass 
of  one  body  be  double  that  of  the  other  ;  but  it  will  be  observed 
that  the  lighter  mass  obtains  as  much  force  by  its  superior  velo- 
city as  the  other  has  by  its  superior  quantity. 

92.  General  condition  of  tlie  equality  of  momenta. — 
These  examples  being  generalised,  we  obtain  the  following 
theorem,  which  is  of  considerable  use  in  mechanics  : — IVhen  the 
momenta  of  two  bodies  are  equal,  their  velocities  mU  be  in  the 
inverse  proportion  of  their  quantities  of  matter. — The  meaning 
of  which  is,  that  the  velocity  of  the  lesser  body  will  be  just  so 
much  greater  than  the  velocity  of  the  greater  as  the  quantity  of 
matter  in  the  latter  is  greater  than  the  quantity  of  matter  in  the 
former. 

A  ball  of  cork  which  strikes  upon  a  plank  of  wood,  even  with 
the  greatest  velocity,  will  scarcely  produce  an  indentation  of  its 
surface.  A  ball  of  lead  striking  on  the  same  plank  with  the 
same  velocity  will  penetrate  it.  The  momentum  of  the  latter 
will  be  greater  than  the  former,  in  the  same  proportion  as 
lead  is  heavier  than  cork.  But  the  effect  produced  in  this  case 
does  not  solely  depend  upon  the  momentum  of  the  moving  bodies. 
This  will  be  seen  further  on,  in  the  chapter  on  *  Work  and 
Energy.' 


CHAPTER  VIII. 

THE   COMMUNICATION   OF   MOMENTUM   BETWEEN   BODY  AND   BODY. 

93 .  zsffeets  of  collision. — When  a  body  in  motion  encounters 
another  body,  certain  changes  ensue  in  the  motion  and  in  the 
momentum  of  both  bodies.  These  changes  are  in  general  of  a 
complicated  kind,  depending  on  the  degree  of  elasticity  of  the 
bodies,  their  form,  weight,  and  other  physical  circumstances. 

To  simplify  the  question,  however,  at  present,  we  shall  con- 
sider the  bodies  completely  devoid  of  elasticity,  and  so  consti- 
tuted that  after  the  one  impinges  on  the  other  ihey  shall 
coalesce  and  move  as  one  bod}  in  some  determinate  direction 
and  with  some  definite  speed. 

Although  these  conditions  be  not  strictly  fulfilled  in  practice, 
they  lead  to  conclusions  of  the  greatest  practical  utility,  which 
approximate  more  or  less   to  the  results  of  experience,  which 
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results,  however,  are  modified  by  various  physical  and  me- 
chanical conditions,  the  consideration  of  which  is  for  the  present 
omitted. 

If  we  suppose  a  mass,  m  (fy.  37),  moving  in  a  certain  di- 
rection, A  B,  with  a  velocity  v,  to  encounter  another  mass  m', 
at  rest,  and  that  after  the  impact  the  two  masses  shall  coalesce 
and  move  together  ;  let  it  be  required  to  ascertain  what  will  be 
the  direction,  velocity,  and  force  of  the  united  mass  after  such 
impact. 

The  mass  m',  being  supposed  to  be  previously  at  rest,  can 
have  no  motion  save  what  it  may  receive  from  the  mass  m  ;  and 
consequently,  after  the  impact,  it  must  move  in  the  same  direc- 

^  M' 
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Fig.  37. 

tion  A  B  in  which  the  mass  m  moved  before  the  impact.  What- 
ever momentum  m'  may  obtain  by  its  coalition  with  m  must  be 
lost  by  the  mass  M.  This  is  an  immediate  and  very  important 
consequence  of  the  quality  of  inertia,  which  has  been  already 
fully  explained. 

Bodies  cannot  generate  motion  in  themselves,  nor  can  they 
destroy  motion  which  they  have  independent  of  any  external 
agency.  Whatever  motion,  therefore,  the  mass  m'  may  acquire 
after  the  coalition  of  the  two  bodies,  must  be  lost  by  the  mass 
M  ;  and  consequently  the  total  momentum  of  the  united  masses, 
after  the  impact,  must  be  exactly  equal  to  the  momentum  of 
the  mass  m  before  impact.  Now,  according  to  what  has  been 
already  explained,  the  momentum  of  the  mass  m  before  impact 
was  M  X  V.  If  tj  be  taken  to  express  the  velocity  of  the  united 
mass  after  such  coalition,  then,  since  the  quantity  of  matter  in 
the  combined  mass  is  M  +  m',  its  momentum  after  coalition  will 
be  expressed  by  (m  +  m')  x  v.  But  this  momentum  cannot  be 
greater  or  less  than  the  momentum  of  m  before  impact ;  for  to 
suppose  it  greater  would  be  to  assume  that  the  bodies  have  a 
power  of  creating  motion  in  themselves  with  which  they  were 
not  endued  by  any  external  agency  ;  and  to  suppose  it  less 
would  be  t©  suppose  them  capable  of  destroying  a  motion  which 
they  had  independently  of  any  external  agency. 

Both  of  these  suppositions,  however,  are  equally  incompatible 
with  the  quality  of  inertia,  which  implies  the  absence  in  bodies  of 
all  power  to  create  or  to  destroy,  independently  of  any  external 
agency,  any  motion  in  themselves.     It  follows,  therefore,  that 
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the  momentum  of, the  mass  M  before  impact,  is  equal  to  the 
momentum  of  the  united  mass  after  impact,  which  is  thus 
expressed  in  algebraical  symbols  : — 

M  X  V  =  (m  +  m')   X  V, 

That  is  to  say,  the  mass  m,  multiplied  by  its  previous  velocity, 
is  equal  to  the  united  masses  multiplied  by  their  subsequent 
velocity. 

To  find,  therefore,  the  velocity  with  which  the  luiited  mass  will 
move,  it  is  only  necessary  to  divide  the  momentum  of  the  mass 
4i  before  impact,  by  the  sum  of  the  united  masses  m  and  m'. 

94.  Sxamples. — As  an  example  of  this,  let  us  suppose  a  boat; 
connected  with  a  ship  by  a  tow-rope,  the  latter  being  slack,  to 
be  propelled  by  rowers,  at  the  rate  of  ten  miles  an  hour,  the 
boat  weighing  5  cwt.,  and  the  ship  weighing  250  tons,  being 
1 ,000  times  the  weight  of  the  boat.  The  moment  the  rope  be- 
comes tight,  or,  as  seamen  call  it,  taut,  the  momentum  of  the 
boat  is  divided  between  the  mass  of  itself  and  of  the  ship,  and 
the  common  velocity  of  the  two  will  be  determined  by  the  prin- 
ciples above  explained.  To  find  it,  therefore,  it  will  be  necessary 
to  diminish  the  previous  velocity  of  the  boat  in  the  proportion  of 
the  weight  of  the  united  masses  of  the  ship  and  boat  to  that  of 
the  boat,  that  is,  in  the  ratio  of  1,001  to  i. 

The  velocity  of  the  boat  having  been  ten  miles  an  hour,  or 
about  14I  feet  per  second,  the  velocity  with  which  the  ship 
would  be  towed  will  be,  therefore,  the  jmo*^  P^'''^  ^^  ^  ^oot  per 
second.  Thus,  the  force  which  was  sufficient  to  propel  the 
to  wing-boat  alone  through  145  feet  in  ten  seconds,  will  only  tow 
the  ship  through  little  more  than  one-sixth  of  an  inch  in  the 
same  time. 

95.  Collision  of  two  bodies  movlngr  In  tbe  same  direc- 
tion.— --We  have  here  taken  the  case  in  which  the  body  m  is  at 
rest.  Let  us  now  suppose  that  it  has  a  motion  in  the  same  direo- 
tion  A  B,  as  that  of  the  mass  m,  but  with  a  velocity  v'  less  than  v, 
the  velocity  of  m,  so  that  the  body  m  shall  overtake  the  body  m', 
and  that  after  impact  they  shall  move  together  with  a  common 
speed-;  what  will  this  common  speed  be  ?  It  follows,  as  a  conse- 
quence of  the  quality  of  inertia,  that,  after  their  collision,  the 
united  masses  cannot  have  a  momentum  either  greater  or  less 
than  they  had  before  their  union  ;  consequently,  the  momen- 
tum of  the  coalesced  bodies  will  be  found  by  adding  together 
the  two  momenta  which  they  had  before  their  collision. 
These  two  momenta,  according  to  what  has  been  explained,  being 
expressed  by  m  x  v  and  m'  x  v',  the  momenta  of  the  coalesced 
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masses  will  be  m  x  v  +  m'  x  v'.  But  if  v  express  the  velocity 
of  the  united  mass,  its  momentum  must  also  be  expressed  by 
this  velocity  «,  multiplied  by  the  total  mass,  that  is,  by  m  +  m'  ; 
and,  consequently,  we  have 

M  X  V  +  m'  X  v'  =  (m  +  m')  X  u. 

It  follows,  therefore,  from  this,  that  if  we  divide  the  sum  of 
the  momenta  of  the  two  bodies,  before  their  union,  by  the 
stun  of  their  masses,  the  quotient  will  be  the  velocity  of  the 
united  mass  after  their  union ;  the  momentum  of  the  united 
mass  being  equivalent  to  the  sum  of  their  momenta  before 
their  union. 

It  is  evident  that  this  common  velocity,  which  the  combined 
bodies  will  have  after  their  union,  will  be  less  than  the  speed  of 
the  body  m,  which  overtakes  the  other,  and  greater  than  that 
of  the  body  m',  which  is  overtaken.  The  one  gains  and  the 
other  loses  velocity  ;  and,  consequently,  it  is  evident  that  the 
one  must  gain  and  the  other  lose  momentum.  Now,  this  gain 
and  loss,  on  the  one  side  and  on  the  other,  is  always  precisely 
equal.  Whatever  momentum  the  body  struck  receives  from 
the  body  striking,  the  latter  loses,  and  neither  more  nor  less. 
There  is,  therefore,  a  precisely  equal  change  of  momentum. 

96.  Action  and  reaction. — This  general  principle,  which, 
as  we  have  seen,  is  a  direct  consequence  of  the  quality  of  iner- 
tia, and  which,  if  not  established,  would  lead  to  the  conclusion 
that  mere  matter  has  a  power  in  itself  to-produce  or  destroy  its 
motion,  is  usually  enunciated  under  the  following  form  as  a 
mechanical  dogma  or  axiom  : — 

ACTION   AND   REACTION   ARE   EQUAL   AND   CONTRARY. 

The  term  action,  applied  to  the  case  above  explained,  is  the 
power  which  the  striking  body  has  to  give  increased  momentum 
body  sti-uck ;  and  reaction  expresses  the  correlative 
power  which  the  body  struck  has  of  depriving  the  striking  body 
of  an  exactly  equal  quantity  of  momentum. 

This  celebrated  law  of  the  equality  of  action  and  reaction, 
therefore,  means  nothing  more  than  the  equal  interchange  of 
momentum,  in  contrary  directions,  between  two  bodies  which 
come  into  collision,  and,  as  such,  is  an  immediate  consequence 
of  the  quality  of  inertia. 

If  a  boat  weighing  a  hundredweight,  rowed  at  the  rate  of 
fifteen  feet  per  second,  be  suddenly  connected  by  a  towing-line 
with  another  boat  which  is  rowed  in  the  same  direction  at  the 
rate  of  ten  feet  per  second,  and  which  weighs  two  hundred- 
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weight,  then,  the  momentum  of  the  first  being  expressed  by 
15,  and  that  of  the  second  by  20,  their  combined  momenta  will 
be  35,  which,  being  divided  by  their  united  weights  3,  gives 
the  quotient  1 1§,  or  11  ft.  8  in.,  as  the  space  per  second  through 
which  they  will  be  rowed  together. 

97.  Collision  of  bodies  movingr  in  opposite  directions. 
— ^Let  us  next  consider  the  case  in  which  bodies  m,  m',  fig.  38, 
are  moving  in  contrary  directions.  Let  m  be  supposed  to  be 
moving  from  a  towards  c,  and  m'  from  b  towards  c  ;  and  let  0 
be  the  point  at  which  they  will  impinge  upon  one  another,  the 
momentum  of  m  being  supposed  to  be  greater  than  that  of  m'. 

When  impact  takes  place,  then  the  momentum  of  m''  will 
destroy  just  so  much  of  the  momentum  of  M  as  is  equal  to  its 
own  amount  ;  for  it  is  evident  that  equal  and  contrary  forces 
must  destroy  each  other.     After  the  union  of  the  two  bodiei^ 


M 
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Fig.  38. 


the  momentum,  therefore,  that  will  remain  undestroyed,  will  be 
the  excess  of  the  momentum  of  m  over  that  of  m'  ;  and  this 
excess  will  involve  motion  of  both  bodies  in  the  direction  c  b  of 
the  progressive  motion  of  the  body  M.  But,  as  we  have  seen,  the 
momentum  of  the  body  m  is  expressed  by  M  x  v ;  and  the  momen- 
tum of  the  body  m'  is  expressed  by  m'  x  v'.  It  therefore  follows 
that  the  momentum  which  the  united  mass  will  have  in  the  direc- 
tion A  B  will  be  M  X  V — m'  X  v''.  But  it  is  also  apparent  that 
the  momentum  of  the  united  mass  will  be  expressed  by  the 
magnitude  of  the  united  mass  multiplied  by  its  velocity.  If  we 
express,  as  before,  this  velocity  by  i?,  then  we  shall  have 

M  X  v  —  M''  X  v'  =  (m  +  mO  X  1?. 

This  statement  implies  nothing  more  than  that  the  momentum 
of  the"  masses,  after  their  coalition  in  the  direction  of  the  greater 
force,  will  be  equal  to  the  difference  between  their  momenta  in 
contrary  directions  before  coalition. 

It  follows,  also,  from  this,  that  the  velocity  of  the  united 
masses  in  the  direction  of  that  which  had  the  greater  momentum 
before  impact,  will  be  found  by  dividing  the  difference  between 
their  momenta  by  the  sum  of  their  masses. 

This  case  affords  another  example  of  the  application  of  the 
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axiom  that  action  and  reaction  are  equal  and  contrary.  The 
eft'ect  which  takes  place  when  the  bodies  coalesce  may  be  thus 
explained. 

When  the  two  bodies  m  and  m^  meet  at  c  {fig.  38)  the  action 
of  the  body  m  upon  the  body  m'  destroys  the  entire  momentiun 
of  the  latter  in  the  direction  b  c,  and,  in  addition  to  that,  im- 
l)arts  to  it  a  certain  momentum  in  the  contrary  direction  c  b, 
which  will  be  expressed  by  the  mass  m',  multiplied  by  the 
velocity  which  that  mass  has  in  common  with  M,  in  the  direction 
c  B,  after  their  coalition.  This  velocity  is  expressed  by  v  ;  and, 
consequently,  the  momentum  imparted  to  m',  in  the  direction 
c  B,  after  impact  by  the  action  of  the  body  M,  will  be  m'  x  v. 
The  total  action,  therefore,  of  the  body  m  upon  the  body  m'  will 
be  made  up  of  the  momentum  of  m',  which  is  destroyed  in  the 
direction  b  c,  and  which  is  expressed  by  m'  x  v',  and  the  mo- 
mentum which  is  imparted  to  it  in  the  contrary  direction  c  b, 
and  which  is  expressed  by  m'  x  v.  Therefore,  the  entire  action 
of  M  upon  m'  will  be  expressed  by 

m'  X  v'  +  m'  X  r. 

Such,  then,  being  the  effect  of  the  action  of  M  upon  m',  let 
us  now  consider  what  will  be  the  effect  of  the  reaction  of  m''  upon 
M.  Upon  the  collision  at  c,  when  m' loses  its  entire  momentum 
in  the  direction  c  a,  it  will  destroy  in  the  body  m  an  exactly 
equal  amount  of  momentum  ;  that  is  to  say,  the  body  m  will 
lose,  in  the  direction  a  c,  a  momentum  equal  to  m'  x  v',  which 
is  lost  by  the  body  m'.  But  m  also  imparts,  by  its  action  to  m', 
a  momentum  in  the  direction  of  c  b,  which  is  expressed  by 
m'  X  v.  Now,  the  reaction  of  m'  upon  m,  in  receiving  this  mo- 
mentum in  the  direction  of  c  b,  must  deprive  m  of  exactly  the 
same  momentum  in  that  direction  ;  that  is,  it  must  deprive  it  of 
a  momentum  in  the  direction  c  b  expressed  by  m'  x  v.  Hence  it 
follows  that  the  total  amount  of  momentum  lost  by  reason  of 
the  reaction  of  m'  upon  m  is  expressed  by 

m'  X  v'  +  m'  X  r, 

which  is  precisely  equal  to  the  momentum  gained  by  m'.  It  ap- 
pears, then,  that  in  this  case  the  law  of  equal  action  and  reaction 
is  still  fulfilled  ;  the  action  of  M  upon  m'  being  precisely  equal 
to  the  reaction  of  m'  upon  m. 

When  two  equal  bodies  meet,  moving  with  equal  velocities 
in  opposite  directions,  their  shock  will  immediately  destroy  each 
other's  momentum  ;  for  in  this  case  the  momenta,  being  equal 
and  contrary,  will  be  mutually  destroyed.      The  effect  of  the 
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impulse  produced  by  the  two  bodies  in  this  case  will  be  equal  to 
the  impulse  which  either,  being  at  rest,  would  sustain,  if  struck 
by  the  other  moving  with  double  the  velocity  ;  for  the  action 
and  reaction  being  equal,  each  of  the  two  will  sustain  as  much 
impulse  from  reaction  as  from  action. 

98.  Examples. — If  two  railway  trains,  moving  in  contrary 
directions  at  twenty  miles  an  hour,  sustain  a  collision,  the  shock 
will  be  the  same  as  if  one  of  them,  being  at  rest,  were  struck 
by  the  other  moving  at  forty  miles  an  hour. 

If  two  steam-boats,  of  equal  weight,  approach  each  other, 
one  moving  at  twelve  miles  an  hour,  and  the  other  fifteen 
miles  an  hour,  each  will  suffer  a  shock  from  the  collision,  the 
same  as  if  it  were  struck  by  the  other  moving  at  twenty-seven 
miles  an  hour. 

In  the  combats  of  pugilists,  the  most  severe  blows  are  those 
struck  by  fist  against  fist,  for  the  force  suffered  by  each  in  such 
case  is  equal  to  the  sum  of  the  forces  exerted  by  either  arm. 
Skilful  pugilists,  therefore,  avoid  such  collisions,  since  both 
suffer  equally  and  more  severely. 

99.  Oblique  impact. — In  what  precedes  we  have  limited 
our  observations  to  the  cases  in  which  the  bodies  which  impinge 
one  on  another  are  moving  either  in  the  same  or  opposite  direc- 
tions in  the  same  straight  line.  Let  us  consider  now  the  case  in 
which  they  move  in  different  straight  lines  before  their  collision. 

Let  a  body,  m  {fig.  39),  be  supposed  to  move  in  the  line  a  b, 
and  from  a  towards  b. 
At  some  intermediate 
point,  c,  suppose  it  to  be 
struck  by  another  body, 
m',  moving  in  the  line 
a'  b'  from  a'  towards  b', 
and  suppose  that  at  the 
moment  m  arrives  at  c,  m' 
also  arrives  at  that  point 
and  coalesces  with  it,  and 
that  after  their  uiiion  the 
bodies     move     together.  Pi»-  39. 

The  question  is,  in  what  direction,  with  what  force,  and  with 
what  velocity  they  will  be  moved.  This  question  is  easily  solved 
by  the  application  of  the  principle  of  the  parallelogram  of  forces 
already  explained.  . 

Let  the  velocity  with  which  m  moves  in  the  direction  a  b 
be  expressed  by  v,  and  let  the  velocity  with  which  m'  moves  in 
the  direction  a'  b'  be  expressed  by  v' ;  then  M  x  v  wiU  be  the 
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momentum  of  the  body  m  directed  from  c  towards  b,  and 
m'  X  v'  will  be  the  momentum  of  the  body  m'  directed  from 
c  towards  b'.  Let  the  distance  c  d  represent  the  quantity 
M  X  V,  and  let  c  d'  represent  m'  x  y\  and  complete  the  paral- 
lelogram c  D  E  d'.  Draw  its  diagonal  c  e.  This  diagonal  will 
then  represent  the  direction  and  the  quantity  of  the  momentum 
which  the  combined  masses  m  and  m'  will  have  after  their  coali- 
tion. If  we  would  find  the  velocity,  it  will  only  be  necessary  to 
divide  the  number  expressed  by  this  diagonal  c  e  by  the  number 
expressing  the  sum  of  the  masses  m  and  m'  ;  the  quotient  will 
be  the  velocity  with  which  the  combined  masses  will  move  from 
c  to  B. 

lOO.  Action  and  reaction  modified  by  elasticity. — When 
a  body  which  strikes  a  hard  surface  is  elastic,  the  effects  of 
action  and  reaction  are  modified  in  a  manner  which  it  will  be 
necessary  to  explain. 

y  Let  us  suppose,  for  the  simplicity  of  the  explanation,  that 
the  form  of  the  body  is  that  of  a  sphere  or  globe.  When  it 
strikes  a  hard  surface  with  any  force,  it  will  be  momentarily 
flattened  at  the  point  of  impact,  and  will  take  an  oval  form ; 
the  force  of  the  impact  will  compress  it  in  the  direction 
of  the  blow,  and  it  will  be  elongated  in  a  direction  at  right 
angles  to  the  blow. 

Thus,  if  its  spherical  form  before  the  blow  be  represented  in 
fig.  40,  and  if  D  c  be  the  diameter  which  is  in  the  direction  of 
the  impact,  0  being  the  point  at  which  the  impact  takes  place, 
and  A  B  be  the  diameter  at  right  angles  to  D  c,  then  the  body  at 
the  moment  of  receiving  the  force  of  impact  will  take  an  oval 
form  represented  in^^.  41,  the  diameter  A  b  will  be  elongated, 


c 

Fig.  41. 

and  D  c  contracted  by  the  force  of  the  impact.  But  the  body, 
by  force  of  its  elasticity,  will  make  an  effort  to  recover  its 
figure,  and  the  point  c  will  react  upon  the  surface  which  it 
strikes  ;  and  by  that  effort  the  body  will  recoil,  because  the  dia- 
meter D  c,  in  its  effort  to  recover  its  original  length,  will  presp 
the  matter  of  the  body  against  the  hard  surface  at  c,  and  this 
pressure  being  resisted  will  cause  the  body  to  rebound. 

loi.  Perfect  and  imperfect  elasticity. — If  the  elasticity  o 
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the  body  be  perfect,  the  force  with  which  the  spherical  figure  is 
restored  will  be  equal  to  that  with  which  it  has  been  compressed 
into  an  ellipse,  and  this  force  being  resisted  by  the  surface,  the 
body  will  rebound  with  the  same  force  as  that  with  which  it 
struck  it.  But  if  the  elasticity  of  the  body  be  imperfect,  then 
the  restoring  force  will  have  less  intensity  than  the  compressing 
force,  and  the  body  will  rebound  with  less  force  than  that  with 
which  it  struck  the  surface. 

If  an  ivory  ball,  a  substance  which  possesses  elasticity  in  a 
high  degree,  be  dropped  upon  any  hard  and  smooth  surface 
which  is  level,  it  will  rise  very  nearly  to  the  height  from  which 
it  was  dropped.  It  would  rise  exactly  to  that  height,  but  for 
two  causes  :  first,  the  want  of  perfect  elasticity ;  and,  secondly, 
the  resistance  of  the  air. 

When  an  elastic  body  strikes  a  surface  in  a  direction  not 
perpendicular  to  that  surface,  it  will  be  reflected  in  another 
direction,  which  will  de- 
pend partly  on  the  direction 
in  which  it  strikes  the  sur- 
face, and  partly  on  the 
degree  of  elasticity  of  the 
striking  body.  Let  a  b 
{fig.  42)  be  the  surface  ;  "" 
and  let  the  body  be  sup- 
posed to  strike  it  at  o, 
having  moved  in  the  direc- 
tion D  c  ;  and  let  us  first 
suppose  that  the  body  is 
perfectly  elastic.  The  force 
of  the  impact  at  c,  being  represented  by  c  b,  may  be  resolved 
into  two  forces,  0  f  perpendicular  to  the  surface  a  b,  and 
c  G  parallel  to  it.  We  may  therefore  suppose  the  ball  at  c 
to  be  affected  by  two  such  forces.  Now,  since  the  ball  is  sup- 
posed perfectly  elastic,  the  component  c  f  will  cause  a  rebound 
in  the  direction  of  c  f'  equal  to  the  force  c  f.  If,  therefore, 
we  take  c  f'  equal  to  c  f,  the  body  will,  after  the  impact,  be 
affected  by  two  forces,  0  g  in  the  direction  of  the  siu^face,  and 
c  f'  perpendicular  to  it ;  and  it  will  accordingly  move  in  the 
diagonal  c  v/  of  the  parallelogram  of  which  c  f'  and  o  g  are 
sides  ;  but  this  parallelogram  being  in  every  respect  equal  to  the 
parallelogram  c  f  e  g,  the  angle  formed  by  c  e'  with  the  surface 
c  B  will  be  equal  to  the  angle  formed  by  c  b  and  c  d  with  the 
same  surface.  Hence  it  appears  that  in  this  case  the  body  will 
be  reflected  from  the  surface  which  it  strikes  at  the  same  angle 
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as  that  with  which  it  strikes  it ;  that  is  to  say,  the  angle  D  o  1 
will  be  equal  to  the  angle  e'  c  b. 

This  principle  is  usually  enunciated  thus  :  When  a  perfectly 
elastic  body  strikes  a  hard  surface  and  rebounds  from  it,  the 
angle  of  incidence  will  be  equal  to  the  angle  of  reflection,  and 
these  angles  will  be  in  the  same  plane. 

By  the  angle  of  incidence  is  understood  the  angle  which  the 
direction,  d  c,  of  the  original  motion  of  the  ball  forms  with  the 
perpendicular,  c  i,  to  the  surface  struck  ;  and  by  the  angle  of 
reflection  is  understood  that  which  the  direction  i;  k',  in  which 
the  body  recoils,  forms  with  the  same  perpendicular. 

But  if  the  body  which  struck  the  hard  surface  be  imperfectly 
elastic,  then  the  recoil  produced  by  the  component  c  f  {Jig.  43), 

perpendicular  to  the  surface  c  b, 
will  be  less  than  the  force  with 
wliich  the  body  strikes  the  sur- 
face at  c.  The  line  0  f',  there- 
fore, which  represents  this  force 
of  recoil,  will  be  less  than  c  f, 
and  the  parallelogram  c  f'  e'  g, 
while  it  has  the  side  c  g  in 
common  with  the  parallelogram 
c  f  E  G,  has  the  side  c  f'  less 
than  c  F.  Consequently  it  is 
obvious  that  the  angle  which 
c  E'  makes  with  the  perpendicular  c  i  will  be  greater  than  the 
angle  which  d  c  makes  with  the  same  perpendicular. 

This  principle  is  enunciated  thus  :  When  a  body  imperfectly 
elastic  strikes  a  hard  surface,  the  angle  of  incidence  will  be  less 
than  the  angle  of  reflection,  and  the  diflerence  between  these 
angles  will  be  greater,  the  more  imperfect  is  the  elasticity  of 
the  body. 

The  preceding  facts  may  be  summarised  in  algebraical  for- 
mulae thus :  — 

(a)  Mj,  M.^  are  two  masses;  Vj,  Vj  their  velocities.    They  move 

in  the  same  straight  line  and  the  same  direction.     Let  Vj  >  Vj. 

Let,  after  impact,  their  common  velocity  be  v.     Then  m,  has 

lost   momentum,  which   is    =Mi  (Vj-v),   and   Mg   has 

momentum  =  Mj  (v  —  a-.^),  and  both  are  equal. 

♦   y-^M,Vi  +  MaVa^ 

M1  +  M2    ' 

(5)  If  the  direction  of  motion  was  opposite,  then — 

V^M^V^-M,V,^ 
M,  +  M„ 


1 

\ 

\       ^ 

/ 

A 

C 

\            ^      ' 

B 
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\e 
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(c)  Let  R  be  a  measure  of  the  effect  of  action  and  reaction  at 
the  moment  of  impact.  Then  the  momentum  of  m^  after  impact 
IS  M^Vi  —  B,  and  that  of  Mg  is  MoV^  +  r,  and  the  velocities  of  Mj 

and    M«    are   respectively  v.—  -,  and  Vo+  — ,  and  these  are 

Ml  "•     M2 

equal — 

.•.R  =  3^2-(Vi-V,) 

M1  +  M2 

(d)  If  the  balls  are  elastic,  then  Mj  will  be  receiving  an  ad- 
ditional momentum  backwards,  and  M,  an  equal  momentum 
forwards,  which  is  a  fraction  of  r.  The  value  of  this  constant 
fraction  for  two  substances  depends  on  their  nature,  and*  is  the 
modulus  of  elasticity. 

The  mass  m,,  therefore,  will  have  afterwards  a  momentum 

MlVo  =  M,V,-(l+«)^^(y.-V,), 

and  M3  will  have — 

Ml  +  Mg 

in  which  expressions  e  denotes  the  modulus  of  elasticity,  and 
Vq,  v^y  the  velocities  after  impact. 

102.  Apparatus   to  niustrate  collision  ezperimentally. 

— That  generally  found  in  collections  for  public  instruction, 
shown  in  JlffS,  44,  45,  46,  consists  of  balls,  inelastic  or  elastic, 
suspended  by  diverging  threads,  the  ends  of  which  are  attached  to 
two  parallel  bars,  and  which  are  so  adjusted  that  the  balls,  when 
quiescent,  rest  in  a  horizontal  line  and  in  mutual  contact.  Let 
us  first  suppose  that  two  equal  inelastic  balls  are  suspended  as 
shown  in  Jiff.  44.  If  one  of  them,  being  drawn  aside,  as  in  fy. 
45,  is  allowed  to  fall  against  the  other,  it  will  strike  it  with  a 
force  proportionate  to  the  distance,  b  a,  from  which  it  fell. 
After  the  collision,  this  force  being  divided  equally  between  the 
balls,  they  will  move  together  to  a  distance  from  their  position 
of  rest  equal  to  half  that  from  which  the  ball  a  fell.  Thus,  if 
the  distance  B  A  be  12  inches,  the  two  balls,  after  collision,  will 
move  together  to  the  distance  of  6  inches,  and  will  then  swing 
together  from  side  to  side  until  they  are  brought  to  rest  by  the 
resistance  of  the  air. 

If  three  equal  inelastic  balls  had  been  thus  suspended,  one 
being,  as  before,  drawn  aside  to  the  distance  of  1 2  inches,  the 
force,  after  collision,  being  equally  distributed,  all  three  would 
move  together  to  the  distance  of  4  inches. 

In  general,  if  any  number  be  suspended,  as  in  ^ff.  46,  the 
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force  of  the  Bingle  ball  will  be  shared  equally  among  all,  after 
collision,  and  the  whole  will  move  to  a  distance,  which  will  be 
found  by  dividing  that  from  which  the  striking  ball  fell  by  the 
entire  number  of  balls. 

All  these  effects  will  be  seen  to  be  in  complete  accordance 
with  the  principles  explained  in  the  preceding  paragraphs.  Balls 
of  putty  or  moist  clay  are  sufficiently  inelastic  for  such  an 
illustration. 

If  the  balls   be  elastic,  the  effects  are  different   and    very 


Fi? 


remarkable.  Let  two  equal  ivory  balls,  for  example,  be  sus- 
pended, as  in  Ji(j.  44.  When  one,  a,  is  drawn  aside,  as  in  fig. 
45,  and  let  fall  against  the  other,  b,  the  immediate  effect  of  the 
collision,  as  in  the  case  of  inelastic  balls,  is,  that  a  loses  half  its 
force,  which  it  imparts  to  b.  But  b  being  compressed  with  this 
force  recovers  its  figure  with  equal  force,  and  reacts  against  A 
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80  as  to  deprive  A  of  the  other  half  of  its  force  and  to  reduce  it 
to  rest.  At  the  same  time  a  being  compressed  by  the  reaction 
of  B,  recovers  its  figure  with  equal  force,  and  reacting  upon  b 
imparts  to  it  the  other  half  of  its  force,  so  that  b  moves  forward 
with  the  full  force  which  a  had  at  the  moment  of  collision,  while 
A  remains  at  rest.  The  ball  b,  therefore,  will  move  on  to  a 
distance  equal  to  that  from  which  A  had  descended.  Thus,  if.  a 
fall  from  1 2  inches,  it  will  remain  at  rest  after  the  collision,  and 
b  will  rise  to  12  inches,  from  which  it  will  descend  and  strike  a, 
which  in  its  turn  will  rise,  b  remaining  at  rest,  and  so  on. 

This  alternate  motion  would  continue  indefinitely,  but  for 


Kg.  45 

the  resistance  of  the  air,  by  which,  the  range  of  the  vibration  is 
gradually  diminished. 

If  several  ivory  balls  be  suspended,  as  in^.  46,  and  one  be 
drawn  aside  and  let  fall,  the  effect  of  the  collision  will  be  trans- 
mitted through  the  series  to  the  last  ball,  which  will  be  affected 
exactly  as  if  it  were  immediately  acted  upon  by  the  first.  Each 
of  the  intermediate  balls  in  this  case,  being  equally  affected  in 
opposite  directions  by  the  reaction  of  the  contiguous  balls  in 
recovering  their  figures,  will  remain  at  rest,  and  the  extreme 
balls  alone  will  alternately  rise  and  fall  until  reduced  to  rest  by 
the  resistance  of  the  air. 

103.  Tlie  laws  of  motion. — ^Before  the  true  principles  of 
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inductive  science  were  so  well  understood  and  so  generally 
admitted  as  they  are  at  present,  the  exposition  of  the  property 
of  inertia,  and  of  its  most  important  consequences,  was  em- 
bodied by  Newton  in  three  formularies,  called  by  him  the  laws 
of  motion,  which  have  attained  great  celebrity  in  the  history  of 
mechanical  science.  Although  these  mechanical  maxims  have 
h>st  much  of  their  importance  by  the  more  general  diffusion  of 


Fig.  46 

correct  principles  of  physical  science,  they  are,  nevertheless, 
entitled  to  notice,  and  ought  to  be  registered  in  the  memory  of 
all  students,  were  it  only  for  their  illustrious  origin,  and  to 
commemorate  the  difficulty  which  the  true  principles  of  induc- 
tion had  to  struggle  against,  in  the  extermination  of  the  errors 
of  the  old  philosophy.  These  laws  of  motion  are  enunciated  as 
follows  : — 
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First  Law. 

Corpvs  omne  perseverare  in  statu  suo  quiescendi  vel  movendi 
uniformiter  in  directum,  nisi  quatenus  ilhid  a  viribus  impressis 
cogitur  atatum  suum  mutare 

Every  body  muM  cnntinun  in  its  state  of  rest  or  of  uniform 
motion^  in  a  straight  line^  except  in  so  far  as  it  may  be  compelled 
by  im,pressed  forces  to  change  that  state. 

Sec?ond  Law. 

Mntationem  m^tiks  proportionalem  esse  vi  motrici  impressce,  et 
fie.li,  seciind/wm  lineam  rectam  qud  vis  ilia  imprimitur. 

Change  of  m^otion  is  proportional  to  the  impressed  force,  and 
fakes  place  in  the  directum  of  the  draight  line  in  which  the  force 
acts. 

Third  Law. 

Actioni  cordr'ariam  semper  et  Oiqualem  esse  reactionem:  sive 
corporum  duonim  actiones  inter  se  mutv^  semper  esse  cequales  et 
in  partes  contrarian  dirigi. 

To  every  action  there  is  always  an  equal  and  contrary  reaction  : 
ar,  the  m,utual  actions  of  any  two  bodies  are  always  equal  and 
oppositely  directed. 

The  first  of  these  propositions  is  little  more  than  a  definition 
of  the  quality  of  inertia.  The  terms  in  which  the  second  is 
expressed  require  qualification  and  explanation,  without  which 
they  might  be  subject  to  erroneous  interpretation. 

If  a  body  be  at  rest,  it  is  true  that  every  motion  it  receives 
must  be  proportional  to  and  in  the  direction  of  the  force  im- 
pressed, that  is,  of  the  force  which  produces  the  motion  ;  but  if 
a  body  be  already  in  motion  in  one  direction,  and  receive  a  force 
in  another  direction,  then  the  new  direction  which  the  body 
takes  will  not  be  in  the  direction  of  the  force  impressed,  nor 
proportional  to  it,  but  will  be  in  the  direction  of  the  diagonal  of 
a  parallelogram,  one  side  of  which  represents  the  force  with 
which  the  body  previously  moved,  and  the  other  the  new  force 
which  is  impressed  upon  it.  This  has  been  already  fully  ex- 
plained. 

In  the  third  law,  the  word  action  means  the  momentum 
which  one  body  receives  when  another  acts  upon  it,  and  the 
word  reaction  means  the  momentum  which  the  latter  loses  in 
consequence  of  communicating  momentum  to  the  former. 

ThjB  equality  of  action  and  reaction  is,  therefore,  subject  to 
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the  same  qualification  as  must  be  given  to  the  terms  of  the 
second  law  of  motion. 

Both  propositions  are  literally  true  only  when  the  two  mo- 
tions in  question  are  directed  in  the  same  straight  line.  When 
they  are  directed  in  different  straight  lines  then  the  proposi- 
tions must  be  interpreted  by  the  principles  of  the  composition  of 
forces  and  velocities,  as  already  explained. 


CHAPTER  IX. 

TERRESTRIAL   GRAVITY. 


104.  Tbe  plumb-line. — A  small  weight  suspended  by  a 
light  and  flexible  thread  from  a  fixed  point  forms  a  combination 
called  a  plumb-line,  and  so  denominated  because  the  weight 
usually  attached  to  the  string  is  a  ball  of  lead. 

If  several  plumb-lines  be  placed  near  each  other,  it  will  be 
found  that  the  strings,  when  at  rest,  will  be  precisely  parallel  to 
each  other. 

This  common  direction  which  the  threads  of  plumb-lines 
assume  is  called  the  vertical  direction. 

If  a  quantity  of  liquid  contained  in  a  vessel  be  at  rest,  its 
surface  will  have  a  position  which  is  called  horizontal  or  level. 

If  several  fluids,  near  each  other,  be  at  rest,  their  surfaces 
will  be  found  to  be  parallel  to  each  other.  Thus,  the  surface 
of  water  in  a  basin,  the  surface  of  a  pond,  lake,  or  river,  are  all 
parallel  to  each  other,  and  parallel  to  the  surface  of  the  sea  it- 
self when  calm. 

The  surface  of  the  land  is  unequal  and  undulating,  being 
formed  into  hills  and  valleys,  and  rising  occasionally  into  moun- 
tains of  considerable  elevation.  If  this  land,  however,  could 
be  rendered  fluid,  the  mountains  and  bills  would  subside,  the 
valleys  would  rise,  and  the  entire  surface  would  assume  one 
uniform  lev^el ;  and  would,  in  fact,  coincide  with  the  general 
surface  of  the  sea,  and  would  be  parallel  to  the  surface  of  fluids 
at  rest.  We  consider  here,  of  course,  only  the  surface  of  the 
globe  as  far  as  it  appears  level  or  horizontal,  and  neglect  in  the 
mean  time  the  true  shape  of  the  surface,  as  that  of  a  spheroidal 
body. 

When  it  is  said,  therefore,  that  the  level  of  a  fluid  surface  at 
rest  is  parallel  to  the  surface  of  the  earth,  it  must  be  under- 
stood that  by  the  surface  of  the  earth  is  meant  the  general  direc- 
tion of  the  surface  of  the  land,  or  the  exact  direction  which  a 
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small  portion  of  it  would  assume,  if,  being  rendered  fluid,  all 
the  parts  were  allowed  to  subside  to  a  common  level.  The  direc- 
tion which  is  taken  by  a  plumb-line  at  rest  is  found  to  be  exactly 
perpendicular  to  such  a  surface. 

These  facts,  which  are  the  result  of  universal  experience  and 
observation,  are  explained  by  the  supposition  that  the  earth 
exercises  an  attraction  upon  all  bodies  placed  upon  or  near  it, 
and  that  the  direction  of  this  attraction  is  perpendicular  to  its 
general  surface,  that  is  to  say,  perpendicular  to  the  surface  of 
the  sea,  or  of  a  fluid  at  rest.  Thus,  the  fact  that  several  plumb- 
lines  have  their  strings  parallel  is  explained  by  stating  that  the 
weights  suspended  from  the  strings,  being  all  attracted  in  a 
direction  perpendicular  to  the  surface  of  the  earth,  these  direc- 
tions must  be  parallel  to  each  other. 

Every  particle  of  a  fluid  contained  in  a  vessel  being  equally 
attracted  in  the  same  vertical  direction,  the  surface  must  be- 
come level  and  perpendicular  to  that  direction  ;  for  if  any 
portion  of  it  were  more  elevated  than  another,  the  weight  of 
such  more  elevated  part  would  force  it  downwards,  and  press 
upward  the  lower  particles,  until  all  should  attain  the  same 
level.  This  supposition,  which  is  adopted  to  explain  these 
familiar  efiects,  is  verified  and  conclusively  established  by  a  vast 
body  of  evidence  supplied  by  astronomical  researches,  from 
which  it  appears  that  all  bodies  in  the  universe  exercise 
upon  each  other  attractions  depending  on  their  mass  and  on 
their  mutual  distance,  in  a  manner  which  will  be  explained  here- 
after. 

The  globe  which  we  inhabit  participates  in  this  common 
property.  It  therefore  exercises  an  attraction  upon  all  bodies 
placed  on  or  near  its  surface,  which  is  proportional  to  their 
masses,  and  is  directed  towards  the  centre  of  the  earth,  and 
therefore  in  a  direction  perpendicular  to  its  surface. 

If  a  body  suspended  at  any  height  be  disengaged,  this  attrac- 
tion of  the  earth  will  cause  it  to  fall  in  a  vertical  direction — that 
is  to  say,  in  the  direction  of  a  plumb-line. 

And  here  it  may  be  asked  whether  such  efiects  are  not  in- 
compatible with  that  principle  of  equality  of  action  and  reaction 
which  we  so  fully  developed  in  the  last  chapter  ?  If  a  heavy 
body,  disengaged  at  any  height,  be  precipitated  to  the  surface 
of  the  earth,  does  it  not  exhibit  a  momentum  which  did 
not  previously  exist,  and  is  not  this  an  action  without  a  re- 
action ? 

It  is,  however,  established  by  proofs  which  will  be  explained 
in  another  part  of  this  work,  that  the  earth  not  only  attracts 


Digitized 


by  Google 


96  FORCE  AND  MOTION. 

the  bodies  aroTind  it,  but  is  attracted  by  them  ;  and  that  the 
momentum  which  is  imparted  to  them  is  balanced  by  a 
momentum  impressed  by  them  upon  the  terrestrial  globe  itself. 
In  fact,  in  the  attraction  of  gravitation,  as  this  physical  agent 
is  called,  the  equality  of  action  and  reaction  is  verified  as  com- 
pletely as  it  is  in  the  mutual  impact  of  bodies. 

For  the  present,  however,  it  will  not  be  necessary  to  dwell 
on  this  point.  What  more  immediately  concerns  us  is  the 
explanation  of  those  phenomena  which  are  exhibited  in  the 
effects  of  gravity  acting  on  bodies  at  or  near  the  surface  of  the 
earth. 

105.  All  bodies  fall  with  the  same  velocity. — Gravity 
acts  equally  and  independently  on  all  the  particles  composing  a 
body,  and  therefore  has  a  tendency  to  make  all  these  particles 
move  with  equal  velocities,  and  in  parallel  lines  perpendicular 
to  the  surface.  It  is  easily  conceived  that  if  two  leaden  balls 
of  equal  magnitude  be  placed  side  by  side  at  the  same  height, 
they  will  fall  together  with  the  same  velocity  to  the  surface,  and 
strike  the  earth  at  the  same  moment  side  by  side.  Now,  if  the 
matter  of  these  two  balls  be  moulded  into  a  single  ball,  the 
effect  will  remain  the  same,  since  their  form  cannot  affect  the 
operation  of  gravity  upon  them. 

In  the  same  manner,  if  ten  or  a  hundred  leaden  balls  of 
equal  magnitude  be  disengaged  together,  they  will  fall  together  ; 
and  if  they  be  moulded  into  one  ball  of  great  magnitude,  it  will 
still  fall  in  the  same  manner.  Hence  it  follows  that  masses  of 
matter,  however  they  may  vary  in  magnitude  and  weight,  will 
descend  to  the  surface  of  the  earth  with  the  same  velocity,  and 
if  they  fall  from  the  same  height  will  arrive  at  the  surface  of  the 
earth  in  the  same  time,  provided  they  be  affected  by  no  other 
force  but  that  of  gravity. 

There  are  some  circumstances  involved  in  the  fall  of  bodies, 
and  the  effects  of  the  resistance  of  the  air  upon  them,  which  are 
apparently  incompatible  with  what  has  been  just  stated.  If  a 
feather  and  a  leaden  ball  suspended  at  the  same  height  be  disen- 
gaged, it  is  evident  that  they  will  not  fall  with  the  same  velo- 
city. The  leaden  ball  will  be  propelled  with  a  rapidity  much 
greater  than  that  which  affects  the  feather.  But  in  this  case 
the  operation  of  gravitation  is  modified  by  the  resistance  of  the 
air,  which  is  much  greater  upon  the  feather  than  upon  the  leaden 
ball.  That  two  such  bodies  would  descend  with  the  same  velo- 
city if  relieved  from  the  interference  of  the  air  may  be  shown 
by  the  experiment  which  is  familiarly  known  as  that  of  the 
guinea  awl  feather. 
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Let  a  glass  tube  {fig.  47),   of  wide  bore — as,  for  example, 
three  or  four  inches,  and  five  or  six  feet  in  length,  be  closed 


> 


Fig.  47. 


Fig.  48. 

at  one  end,  and  supplied  with  an  air-tight  cap  and  stop-cock  at 
the  other  end.     The  cap  being  unscrewed,  let  small  pieces  of 
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metal,  cork,  paper,  and  feathers  be  put  into  it,  the  cap  screwed 
on,  and  the  stop-cock  closed.  Let  the  tube  be  rapidly  inverted, 
so  as  to  let  the  objects  included  fall  from  end  to  end  of  it.  It 
will  be  found  that  the  heavier  objects,  such  as  the  metal,  will 
all  with  greater,  and  the  lighter  with  less  speed,  as  might  be 
expected.  But  that  this  difference  of  velocity  in  falling  is  due, 
not  to  any  difference  in  the  operation  of  gravity,  but  to  the  re- 
sistance of  the  air,  is  proved  in  the  following  manner.  Let  the 
stop-cock  be  screwed  upon  the  plate  of  an  air-pump  (Jig.  48), 
the  cock  being  open,  and  let  the  tube  be  exhausted.  Let  the 
cock  then  be  closed,  and  unscrewed  from  the  plate.  On  rapidly 
inverting  the  tube,  it  will  then  be  found  that  the  feathers  will 
be  precipitated  from  end  to  end  as  rapidly  as  the  metal,  and  that, 
in  short,  all  the  objects  within  the  exhausted  tube  will  fall 
together  with  a  common  velocity. 

106.  IJITeig^lit  of  bodies  proportional  to  quantity  of 
matter. — Since  the  attraction  of  the  earth  acts  equally  on  all 
the  component  parts  of  bodies,  and  since  the  aggregate  forces 
produced  by  such  attraction  constitute  what  is  called  the  weight 
of  the  body,  it  is  clear  that  the  weights  of  bodies  must  be  in  the 
exact  proportion  of  the  number  of  particles  composing  them,  or 
of  their  quantity  of  matter. 

Hence,  in  the  common  affairs  of  commerce,  the  quantities 
of  definite  masses,  that  is,  of  bodies,  are  estimated  by  their 
weights. 

It  will  appear,  hereafter,  that  the  weight  of  a  body,  or  the 
force  with  which  it  is  attracted  to  the  surface,  is  slightly  different 
in  difierent  places  upon  the  earth  ;  but  this  is  a  point  which 
need  not  be  insisted  on  at  present. 

At  the  same  place  the  weights  are  invariably  and  exactly 
proportional  to  the  quantities  of  matter  composing  the  bodies. 
If  one  body  have  double  or  triple  the  weight  of  another,  it  will 
have  double  or  triple  the  quantity  of  matter  in  the  other. 

107.  Motion  of  a  falling:  body. — It  is  not  enough  for  the 
purposes  of  science  to  know  merely  the  direction  of  the  motion 
which  gravity  impresses  upon  bodies  ;  we  require  to  know 
whether  the  moti(m  be  one  having  a  uniform  velocity  ;  or,  if  not, 
in  what  manner  does  the  velocity  of  the  falling  body  vary  ? 

If  a  man  leap  from  a  chair  or  table  he  will  strike  the 
ground  without  injury.  If  the  same  man  leap  from  a  house- 
top he  will  probably  be  destroyed  by  the  fall.  These,  and  innu- 
merable similar  effects,  indicate  that  the  momentimi  with  which 
a  body  strikes  the  ground  is  augmented  with  the  height  from 
which  it  falls.    Now,  as  this  momentum  depends  on  the  velocity 
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of  the  body  at  the   moment  it  touches  the  ground,  it 
that  the  velocity  of  the  fall  is  augmented  with  the  height. 

In  short,  when  a  body  is  disengaged  and  allowed  to  descend 
in  obedience  to  gravity,  its  velocity  is  gradually  accelerated  as 
it  descends.  Meteoric  stones,  which  descend  from  the  upper 
regions  of  the  atmosphere,  strike  the  earth  with  such  force 
that  they  are  often  known  to  penetrate  the  soil  to  a  consider- 
able depth. 

It  might  be  naturally  enough  conjectured  that  the  force  with 
which  a  body  strikes  the  earth  is  proportional  to  the  height  from 
which  it  has  fallen,  and  such  an  assumption  has 
been  accordingly  used  sometimes  ;  but  this  is  er- 
roneous. The  force  of  the  fall  is  not,  as  we  shall 
now  show,  proportional  to  the  height  from  which 
the  body  has  descended.  A  body  falling  from  a 
double  height  does  not  strike  the  ground  with  a 
double  momentum. 

When  a  body,  such,  for  example,  as  a  leaden 
ball,  is  disengaged  at  any  height,  and  delivered  to 
the  action  of  gravitation,  the  effect  of  this  force 
upon  it  is  to  impart  to  it  a  certain  velocity.  Now 
it  is  evident  that  the  quantity  of  velocity  which  the 
attraction  of  the  earth  gives  to  the  ball  in  one 
second  of  time  must  be  equal  to  the  force  which  it 
would  give  to  it  in  another  second  of  time.  Let  us 
suppose,  for  example,  that  a  moveable  stage  s  (fig,  49) 
is  attached  to  a  wall  or  pillar,  and  is  so  adjusted 
that  the  ball  disengaged  at  b  shall  arrive  upon  the 
stage  s  precisely  at  the  termination  of  one  second. 
The  body  will  then  strike  the  stage  with  a  certain 
momentum. 

Let  another  stage  s'  be  placed  at  the  same  dis- 
tance from  8  as  s  is  from  b.  If  the  ball,  having 
been  brought  to  rest  by  the  stage  s,  is  again  disengaged,  it  will 
strike  the  stage  s'  at  the  end  of  another  second,  and  with  the 
same  momentum  ;  and  if  the  stage  s"'  be  fixed  at  an  equal  distance 
below  s',  the  ball,  having  been  brought  to  rest  at  s',  and  then 
disengaged,  will  strike  the  stage  s'^  at  the  end  of  the  third 
second,  and  with  equal  momentum. 

In  this  case  we  have  supposed  that  while  the  ball  descends, 
the  velocity  it  has  acquired  at  the  end  of  each  successive  second 
is  destroyed  by  the  resistance  of  the  stages  s,  s',  and  s'^,  &c. 
But  suppose  that  on  arriving  at  s,  at  the  end  of  the  first 
second,  the  body  was  not  deprived  of  the  velocity  it  had  ae- 
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quired,  but  allowed  to  retain  it  in  its  descent,  the  retention  of 
this  velocity  would  not  in  the  slightest  degree  prevent  the  action 
of  gravity  in  imparting  to  it  an  equal  quantity  of  velocity  in  the 
second  second  ;  therefore  at  the  end  of  the  second  second  the 
body  would  have  the  velocity  with  which  it  struck  the  stage  s, 
in  addition  to  the  velocity  which  it  had  acquired  during  the 
second  second.  In  the  second  second,  therefore,  the  body 
would  descend  through  a  much  greater  space  than  s  s',  and 
at  its  termination  would  have  a  velocity  double  that  which  it  had 
at  the  end  of  the  first  second.  In  like  manner,  if  the  velocity 
acquired  in  the  second  second  were  not  destroyed  by  the  stage 
s',  the  body  would  at  the  end  of  the  third  second  possess 
this  velocity,  in  addition  to  the  velocity  which  would  be  imparted 
to  it  by  the  action  of  gravity  in  the  third  second. 

The  action  uf  gravity  imparts  thus  to  a  falling  body  a  certain 
definite  velocity  in  every  successive  second  of  time  during  its 
action,  and,  consequently,  the  velocity  which  a  falling  body  has 
at  the  end  of  any  number,  say  n,  seconds,  is  exactly  n  times  the 
velocity  it  had  sJt  the  end  of  one  second.     In  other  words  : — 

The  velocity  acquired  by  a  body  in  descending  by  the  force  of 
gravity  increases  in  proportion  to  the  time  of  the  fall, 

1 08.  A^ooelerated  motion. — ^A  motion,  the  velocity  of  which 
is  thus  augmented  in  proportion  to  the  time  counted  from  its 
commencement,  is  called  uniformly  accelerated  motion,  and  the 
force  which  produces  such  a  motion  is  called  uniformly  accele- 
rating  force. 

Gravity,  therefore,  acting  on  bodies  near  the  surface  of  the 
earth,  is  a  uniformly  accelerating  force. 

Since  a  body  in  falling  moves  with  a  velocity  gradually  and 
uniformly  accelerated,  its  average  or  mean  velocity  will  be  that 
which  it  had  precisely  at  the  middle  point  of  the  interval  which 
elapses  during  its  fall.  Thus,  if  a  body  fall  during  ten  seconds, 
the  average  speed  will  be  that  which  it  had  at  the  end  of  the 
fifth  second.  This  is  evident,  inasmuch  as,  the  speed  imparted 
in  each  successive  second  being  the  same,  the  average  of  all  the 
speeds  at  the  end  of  each  number  of  seconds,  counted  from  the 
commencement,  will  necessarily  be  that  which  it  had  at  the 
middle  point  of  the  time. 

It  follows  from  this  also,  that  the  final  speed  acquired  by  a 
body  at  the  end  of  any  time  will  be  double  the  average  speed 
counted  from  the  commencement  of  its  fall.  This  is  evident, 
since,  the  velocity  being  proportioned  to  the  time,  the  final 
speed  is  necessarily  double  that  which  is  acquired  in  half  the 
time,  which  is,  as  has  been  just  shown,  the  average  speed. 
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It  fallows  from  this  also,  that  if  a  body  were  to  move  with 
its  final  velocity  continued  uniformly,  it  would,  in  a  time  equal 
to  that  of  the  fall,  move  over  a  space  equal  to  double  that 
through  which  it  had  fallen  ;  for,  the  final  speed  being  double 
the  average  speed,  the  space  described  with  the  former  will 
be  double  the  space  described  with  the  latter  in  the  same  time. 

To  obtain  a  more  exact  estimate  of  the  manner  in  which  the 
descent  of  a  heavy  body  is  accelerated,  it  will  be  useful  to  in- 
vestigate the  spaces  through  which  a  body  moves  in  its  descent 
during  every  successive  second  of  time. 

109.  Space  passed  over  in  successive  seconds. — Let  us 
express  by  h  the  height  through  which  a  body  falls  from  a  state 
of  rest  in  one  second.  At  the  end  of  such  second,  the  body  has 
acquired  a  velocity,  in  virtue  of  which  it  would,  in  another 
second,  without  the  further  action  of  gravity,  move  through  a 
space  2  H  ;  but  during  the  next  second  gravity  would  cause  the 
body  to  descend  through  another  space  equal  to  h,  supposing  it 
to  move  from  a  ptate  of  rest.  Therefore,  during  the  next 
second  the  body  is  moved  through  a  space  equal  to  three  times 
H  ;  that  is  to  say,  twice  h  in  virtue  of  the  velocity  acquired  at 
the  end  of  the  first  second,  and  a  space  h  in  virtue  of  the  action 
of  gravity  upon  it  during  the  next  second. 

Let  us  now  consider  the  motion  of  the  body  during  the  third 
second.  At  the  end  of  the  second  second,  the  body,  having 
fallen  through  a  height  expressed  by  4  H,  has  acquired  a  velocity 
in  virtue  of  which,  without  any  fiui;her  action  of  gravity,  it 
would  move  through  a  space  equal  to  8  times  H  in  two  seconds, 
and  4  times  H  in  one  second  ;  but,  in  addition  to  this,  gravity 
also,  in  the  third  second,  would  move  it  through  a  space  h  ;  and, 
from  these  two  effects  combined,  the  body  in  the  third  second 
would  descend  through  a  space  expressed  by  5  H.  But  we  have 
seen  that  in  the  first  two  seconds  it  has  fallen  through  a  space 
expressed  by  4  h,  and  therefore  at  the  end  of  the  third  second 
it  will  have  fallen  through  a  height  from  the  state  of  rest 
expressed  by  9  H. 

Pursuing  its  course  further,  we  find  that  it  begins  its  motion 
during  the  fourth  second  with  a  velocity  such  as  would  make  it, 
in  three  seconds,  without  the  further  aid  of  gravity,  move 
through  a  space  equal  to  double  t^at  which  it  had  fallen 
through  from  a  state  of  rest,  that  is  to  say,  18  h  ;  consequei)tly, 
with  this  velocity,  it  would  move  in  the  fourth  second  through 
a  space  equal  to  6  H  ;  but,  in  addition  to  this,  the  action  of 
gravity  carries  it  in  the  fourth  second  through  the  space  h.  and 
by  these  combined  effects  it  must  move  in  this  second  through  a 
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space  equal  to  7  H.  In  the  same  manner,  it  may  be  shown  that 
the  space  through  which  it  moves  in  the  fifth  second  is  9  h, 
while  the  space  through  which  it  moves  in  the  first  five  seconds 
is  25  H ;  and  the  space  through  which  it  moves  in  the  sixth 
second  is  1 1  H,  while  the  space  through  which  it  descends  from 
a  state  of  rest  in  the  first  six  seconds  is  36  h  ;  and  so  on. 

In  the  following  table  is  expressed,  in  the  first  column,  the 
number  of  seconds,  or  other  equivalent  intervals  of  time, 
counted  from  the  commencement  of  the  fall.  In  the  second 
column  is  exhibited  the  space  through  which  the  falling  body- 
moves  in  each  successive  interval,  the  unit  being  understood  to 
express  the  space  through  which  a  body  falls  in  the  first  second 
of  time.  In  the  third  column  is  expressed  the  velocity  which 
the  body  has  acquired  at  the  end  of  each  interval,  counted  from 
the  commencement  of  the  fall,  and  expressed  by  the  space 
which,  if  such  velocity  continued  uniformly,  the  body  would 
describe  in  one  second.  In  the  fourth  column  is  expressed  the 
total  heights  from  which  the  body  falls  from  a  state  of  rest  to 
the  end  of  the  time  expressed  in  the  first  column. 


Number  of 

Seconds  in  the  Fall, 

counted  from  a 

State  of  Best. 

Spaces  fallen 
throuj?h  in  each 
sucwssire  Second. 

Velocities  acquired 

at  the  End  of 

Nnml)er  of  Seconds 

expressed  in  First 

Column. 

Total  Height  fallen 
through  from  Rest 

in  the  Number  of 
Seconds  expressed 

in  First  Column. 

I 
2 
3 

4 

3 

5 
7 

2 

4 
6 
8 

I 

4 
9 
16         . 

5 
6 

9 
I  r 

10 
12 

3I . 

7 
<S 

9 

13 

17 

14 
16 
18 

49 
64 
81 

10 

19 

20 

lOO 

Although  all  the  circumstances  attending  the  descent  of 
bodies  falling  freely  are  included  with  arithmetical  precision  in 
the  above  table,  we  may  nevertheless  render  it  more  eas}'-  to 
obtain  a  clear  conception  of  these  important  physical  pheno- 
mena by  the  annexed  diagram  {fig.  50),  in  which  the  divided 
scale  represents  the  vertical  line  along  which  the  body  is  sup- 
posed to  fall,  o  being  the  point  from  which  it  commences  its 
descent.  The  points  which  it  successively  passes  at  the  termi- 
nation of  I,  2,  3,  4,  5,  6,  and  7  seconds  respectively  are  marked 
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I,  II,  HI,  IV,  V,  VI,  vn.  The  figures  of  the  scale  indicate  the 
total  heights  through  which  the  body  has  fallen  at  the  end  of 
each  successive  second,  the  unit  being  the  height  o 

through  which  the  body  falls  in  the  first  second. 
The  spaces  included  between  brackets  on  the 
right  of  the  diagram  are  those  through  which 
the  body  falls  in  each  successive  second.  It  will 
thus  be  apparent,  first,  that  the  body  is  accele- 
rated in  its  molion,  inasmuch  as  the  spaces 
through  which  it  falls  in  each  successive  second 
are  evidently  increasing ;  secondly,  that  the 
space  througli  which  it  falls  in  any  number  of 
seconds  is  expressed  by  the  square  of  this  num- 
ber, the  unit  being  the  space  fallen  through 
in  the  first  second ;  thirdly,  that  the  spaces  niL_ 
fallen  through  in  each  successive  second  are 
expressed  by  the  odd  numbers  with  reference 
to  the  same  unit. 

A  direct  experimental  verification  of  the 
results  exhibited  in  the  preceding  table  and 
diagram  would  be  attended  with  several  practical 

difficulties.     The  heights  through  which  a  body  V. 

falls  by  gravity,  acting  freely  in  several  seconds, 
are  considerable,  and  a  great  velocity  is  soon 
acquired.  The  resistance  of  the  air  disturbs  the 
result,  and  some  difficulty  would  be  found  in 
observing,  with  sufficient  precision,  the  points  at 
whioh  the  falling  body  would  be  found  at  each 
successive  second  of  time. 

no.   JLtwooa*B  maoliine. — This  and  other  VI 

practical  difficulties  have,  however,  been  sur- 
mounted by  a  beautiful  and  useful  experimental 
apparatus,  called  from  its  inventor  'Atwood's 
machine.'  By  this  apparatus  the  intensity  of 
the  force  of  gravity  can  be  diminished  in  any 
desired  proportion  without  divesting  it  of  any 
of  its  characters  of  a  uniformly  accelerating 
force.  Thus  we  can  make  the  falling  body 
descend  at  so  moderate  a  rate  that  the  effect  of 
the  atmospheric  resistance  becomes  impercep- 
tible, and  the  height,  and  all  the  circumstances 
attending  the  fall,  can  be  observed  with  the 
greatest  precision.  ^-  so. 

This  contrivance  consists  of  two  equal  cylindrical  weights, 
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w>  ^^  (fi9'  S^)j  connected  by  a  fine  silken  thread,  which  passes 
in  a  groove  over  a  nicely-constructed  wheel  r,  tiuning  on  a 
horizontal  axis,  so  as  to  be  subject  to  an  imperceptible  friction. 
This  wheel,  and  the  stand  which  supports  it,  are  placed  upon  a 
bracket  a  b,  attached  to  a  wall,  or  supported  on  a  pillar,  at  a 
convenient  height.  Adjacent  to  the  thread  supporting  one  of 
the  weights  w,  there  is  a  divided  vertical  scale,  by  which  the 
circumstances  attending  the  descent  of  the 
weight  can  be  noticed  and  measured.  When 
the  weight  w  is  brought  to  the  highest 
point  of  the  scale,  the  weight  w'  Mdll  be 
near  the  ground  ;  but  the  weight  of  the 
thread  is  so  insignificant  that,  though  un- 
equal portions  of  it  hang  on  each  side  of 
the  wheel  r,  the  diflference  of  their  weights 
produces  no  perceptible  defect,  and,  accord- 
ingly, the  two  equal  weights  w  and  w'  rest 
in  equilibrium. 

Now,  if  a  small  additional  weight  w  be 
placed   upon  the   top    of    the    cylindrical 
weight  w,  it  will  cause  the    weight  w  to 
descend,  and  the  weight  w^  to  rise  ;  and 
this  descent  will  have  all  the  characters  of 
a    uniformly  accelerated  motion,  for  the 
force  of  gravity  impresses  on  the  prepon-: 
derating   weight   w  the   same  momentum 
which  it  would  impress  upon  it  if  it  were 
free  ;  but  this  momentum  is,  by  the  very 
condition  of  the  apparatus,  shared  by  w  and 
the  equal  weights  w  and  w'',  so  that,  instead 
of  imparting  to  w  the  velocity  which  such 
weight  would  have  were  it  free,  the  velocity 
/  of  the  augmented  moving  mass,  consisting 
liJlw  ^jf  ^^^  y^^  ^^^  ^/^  y^^Yl  be  diminished  in  pre- 
cisely the  same    proportion   as  the    mass 
t^'''  •  ''"'  ''  '' — ^    moved  is  increased  ;  therefore,  the  weight 
lig.  51.  vv,   bearing  upon   it   w,    will  fall  with    a 

velocity  so  much  less  than  that  with  which  w  would  fall,  were  it 
free,  as  the  combined  weights  w',  w,  and  10  are  greater  than  iv 
alone.  But  the  o^ther  circumstances  attending  the  descending 
motion  will  be  precisely  similar  to  those  which  attend  the 
descending  motion  of  any  falling  body.  The  machine  will,  in 
fact,  present  a  miniature  representation  of  the  phenomena  of 
falling  bodies  ;    the    efi'ects  will  be  the   same   as   though  the 
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attraction  of  the  earth  upon  a  falling  body  were  diminished  to 
snch  an  extent  that  the  velocity  of  the  descent  would  be  reduced 
to  that  with  which  the  weight  w  actually  falls. 

Now,  as  we  can  adopt  a  preponderating  weight  w  as  small 
as  may  be  desired,  it  is  clear  that  we  may  reduce  the  velocity  of 
the  fall  in  so  great  a  degree  that  all  the  circumstances  attending 
the  motion  during  the  descent  can  be  4eliberately  and  accurately 
observed. 

Let  us  suppose,  for  example,  that  the  weights  w  and  w'  are 
each  twenty-four  ounces,  and  that  the  preponderating  weight 
w,  placed  upon  w  to  produce  its  descent,  is  a  quarter  of  an 
ounce.  The  total  ^  mass  moved,  therefore,  by  the  action  of 
gravity  impressed  upon  the  weight  u',  will  be  193  times  the 
weight  w,  for  the  weights  w  and  w'',  taken  together,  are  forty- 
eight  ounces,  that  is  to  say,  192  quarters  of  an  oimce  ;  and  the 
weight  w,  which  is  one  quarter  of  an  ounce,  being  added  to 
this,  will  make  a  total  of  193  quarters  of  an  ounce. 

The  attraction  of  gravity,  therefore,  instead  of  imparting 
velocity  to  one  quarter  of  an  ounce,  has  to  move  193  quarters  of 
an  ounce,  and,  consequently,  the  velocity  it  imparts  per  second 
will  be  193  times  less.  % 

We  have  here,  with  a  view  to  simplify  the  explanation, 
avoided  all  reference  to  the  motion  imparted  to  the  wheel  over 
which  the  strings  pass  ;  but  it  will  be  evident  that  the  force 
impressed  by  gravity  on  the  preponderating  weight  w  must  be 
shared  with  the  matter  of  the  wheel,  as  well  as  with  the  weights  ' 
w  and  w^  If  the  matter  of  the  wheel  were  all  collected  at  its 
edge  it  would  then  be  moved  with  the  same  velocity  as  the 
weights  w  and  w',  and  in  this  case  it  would  be  only  necessary 
to  consider  the  weight  of  the  wheel  as  forming  part  of  the 
masses  w  and  w',  and  therefore  to  diminish  the  latter  so  that 
the  total  weight  of  w  and  w^  and  the  wheel  should  make  up 
forty-eight  ounces. 

But  as  the  mass  of  the  wheel  is  not  all  collected  at  its  edge, 
it  does  not  all  receive  the  same  velocity,  but,  on  the  contrary, 
its  different  parts  are  moved  with  less  velocities  the  nearer  they 
are  to  its  centre.  This  difference  of  moving  force,  imparted 
to  different  parts  of  the  wheel,  requires  to  be  allowed  for, 
by  calculating  how  much  matter  collected  at  the  edge  of  the 
wheel,  would  have  an  equal  moving  force.  Such  a  calculation, 
though  presenting  no  diflBculty,  and  subject  to  no  inaccuracy  or 
doubt,  would  involve  mathematical  principles  and  operations 
which  cannot  be  conveniently  introduced  here ;  and  we  may 
therefore  assume  that  the  momentum  impavl^ed  to  the  wheel  is 
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represented  by  an  equivalent  portion  of  the  forty-eight  ounces 
assigned  to  the  weights  w  and  w',  and  that,  in  fact,  the  real 

weights  of  these  must  be  a 
little  less  than  those  as- 
signed to  th0R],  the  dif- 
ference being  represented 
by  the  effect  of  the  wheel. 
Being  provided  with  a 
pendulum  beating  seconds 
in  an  audible  manner,  and 
taking  the  thread  which 
sustains  the  weight  w, 
between  the  fingers,  let 
the  weight  w  Jbe  elevated 
until  its  upper  surface 
coincides  with  the  zero  of 
the  scale.  Listening  at- 
tentively to  the  beats  of 
the  pendulum,  let  the 
thread  be  disengaged  at 
the  moment  of  any  one 
beat. 

It  will  be  found  that, 
at  the  moment  of  the 
next  beat,  the  weight  w 
will  have  fallen  precisely 
one  inch.  During  the 
second  beat  it  will  have 
fallen  through  precisely 
three  inches  more  ;  during 
the  third  beat  it  will  have 
fallen  through  Jive  inches  ; 
during  the  fourth  beat  it 
will  have  fallen  through 
seven  inches  ;  during  the 
fifth  beat  it  will  have 
fallen  through  nine  inches ; 
and  so  on.  Now,  if  these 
distances  be  compared 
with  those  given  in  the 
second  column  of  the  pre- 
^^«f-  52.  ceding  table,  they  will  be 

found  to  correspond  ;  the  spaces  through  which  the  weight  w 
descends  in  successive  seconds  being,  as  shown  in  that  table, 
expressed  by  the  odd  numbers. 
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In  the  same  manner,  it  will  appear  that  the  height  through 
which  the  weight  w  falls  during  the  first  second,  being  one  inch, 
the  height  through  which  it  falls  during  the  first  two  seconds 
will  be  four  inches,  the  height  through  which  it  falls  during  the 
first  three  seconds  will  be  nine  inches,  the  height  through  which 
it  falls  during  the  first  four  seconds  will  be  sixteen  inches,  the 
height  through  which  it  falls  during  the  first  five  seconds  will 
be  twenty-five  inches,  and  so  forth. 

These  numbers  correspond  with  and  verify  those  given  in 
the  fourth  column  of  the  preceding  table. 

The  principles  of  Atwood's  machine  being  explained  in  fig. 
51,  its  form,  as  actually  constructed,  with  all  its  accessories,  is 
shown  in^s.  52,  53,  54. 

III.  BKoriii's  apparatus. — Another  apparatus  for  the  expe- 
rimental illustration  of  the  laws  which  regulate  the  descent  of 
bodies  by  gravity  has  recently  been  invented  and  constructed  by 
M.  Morin,  the  director  of  the  Conservatoire  des  Arts  et  Metiers 
at  Paris.  It  consists  of  a  cylinder  or  drum  a  a,  fig.  55,  mounted 
on  a  vertical  axis,  on  which  it  is  moved  uniformly  by  a  train  of 
clock-work  b,  impelled  by  a  weight  c,  rendered  uniform  by  a  fly  a. 
A  small  cylindrical  weight  d,  carries  a  pencil,  the  point  of 
which  is  pressed  gently  against  the  surface  of  the  cylinder. 
This  weight  is  gxiided  in  its  fall  between  two  vertical  wires, 
passing  through  holes  in  a  plate  fixed  upon  it,  wliich  projects 
from  it  at  either  side,  so  that  in  its  fall  it  keeps  constantly 
parallel  to  the  cylinder  and  at  the  same  distance  from  it.  An 
apparatus  for  detaching  this  weight  is  fixed  above  the  cylinder. 
B3'  merely  pulling  a  cord,  like  a  bell-pull,  shown  in  the  figure 
beside  the  weight  d,  this  weight  can  be  let  fall.  Now,  if  the 
cylinder  did  not  revolve,  the  pencil  carried  by  the  weight  would 
evidently  trace  a  vertical  line  upon  its  surface.  If,  on  the 
other  hand,  the  weight  were  stationary  and  the  cylinder  re- 
volved, the  pencil  would  trace  a  horizontal  circle  around  it. 
But,  if  while  the  cylinder  turns  imiformly  round  its  axis  the 
weight  falls,  the  pencil  will  trace  around  the  surface  of  the 
cylinder  a  curved  line,  such  as  is  shown  in  fi>g.  56.  To  facilitate 
the  experiment,  the  surface  of  the  cylinder  is  divided  into  equal 
parts  vertically  by  the  parallel  lines  /•  r,  s  Syt  t,  &c. ,  &c.  ;  and 
since  the  motion  of  the  cylinder  is  uniform,  the  intervals  be- 
tween the  moments  at  which  these  parallels  pass  under  the 
pencil  are  equal.  The  vertical  space  through  which  the  weight 
falls  in  the  first  interval  will  be  n'  n  ;  in  the  first  two  intervals 
p  p  ;  ui  the  first  three  q^  q,  and  so  on. 

It  is  evident,  therefore,  that  the  circumstances  of  the  de- 
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scent  will  be  indicated  exactly  by  this  means.      In  Atwood's 


I'^ig.  55. 

machine  it  is   not,  properly  speaking,  a  body  falling    freely 
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which  is  observed,  but  one  the  rate  of  whose  fall  is  diminished 
in  a  known  proportion.  Here,  however,  it  is  the  actual  descent 
which  is  exhibited  and  analysed. 

112.    Xiaw    of    fk>ee    descent. — It    is 
evident  that  the  numbers,  which  express 

"the  heights  through  which  the  bodies  fall 
in  any  number  of  seconds,  counted  from 
the  commencement  of  the  motion,  are  the 
squares  of  the  numbers  of  seconds  ;  and 
hence  we  have  the  following  general  prin- 
ciple : — 

When  a  body  is  moved  by  a  uniformly 
decelerating  force^  such  as  gravity ,  the  spaces 
through  which  it  moves,  counted  from  the 
coTnmencement  of  the  motion,  will  he  propor- 
tional to  the  squares  of  the  timeSy  and  the 
spaces  through  ichich  it  moves  in  equal 
intervals  of  time  will  he  as  the  odd  numbers. 
These  rules,  which  are  of  the  highest 
importance,  may  be  conveniently  reduced 
to  algebraical  symbols.  Let  us  express 
by  ^g  the  space  through  which  a  body, 
urged  by  a  uniformly  accelerating  force 
from  a  state  of  rest,  would  move  in  one 
second,   a  space  which,    in    the    case    of  Fig-  56- 

gravity,  is  16  ft.  i  in.,  or  193  inches.  Then  it  is  evident,  from 
what  has  been  stated,  that  we  shall  find  the  space  which  the 

'  body  would  move  through  in  any  given  number  of  seconds, 
counted  from  the  commencement  of  its  motion,  by  multiplying 
ig  by  the  square  of  this  number  of  seconds. 

113.  Formulee  for  tbe  motion  of  falltngr  bodies. — Hence, 
in  general,  if  T  express  the  number  of  seconds  during  which  the 
body  has  been  moving  from  a  state  of  rest,  t**  x  ^g  will  express 
the  entire  space  through  which  the  body  has  moved  in  the 
number  of  seconds  expressed  by  t.  If  this  space,  then,  be 
expressed  by  h,  we  shaU  have 

H  =s  T^  X  ^g. 

In  like  manner,  since  it  has  been  established  that  the 
velocity  which  is  gained  in  falling  during  one  second  is  such 
that  in  each  second  the  body  would  with  that  velocity  move 
through  a  space  equal  to  twice  that  through  which  it  had  fallen, 
it  follows  that  the  velocity  acquired  in  one  second  is  g  ;  in 
other  words,  it  is  such  that  a  body  moving  with  that  uniform 
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velocity  would  move  through  a  space  expressed  by  g  in  each 
second. 

But  it  has  also  been  shown  that  the  velocity  augments  in 
proportion  to  the  time,  and  that  the  velocity  in  two,  three, 
four,  and  five  seconds  is  two,  three,  four,  and  five  times  the 
velocity  in  one  second.  To  find,  therefore,  the  velocity  ac- 
quired in  any  number  of  seconds,  we  shall  only  have  to 
multiply  g  by  that  number  of  seconds.  If,  then,  t  express 
the  number  of  seconds  during  which  the  body  has  been  fall- 
ing, and  V  the  velocity  which  it  has  gained  in  the  time  t,  we 
shall  have 

V  =  T  X  jf. 

The  two  preceding  formulae  include  the  whole  theory  of  fall- 
ing bodies  in  vacuo.  From  these  may  be  deduced  the  following 
formula,  by  which  the  velocity  which  is  acquired  in  falling 
through  any  given  height  is  known  : — 

v'*  =  2H  X  g. 

It  remains  now  to  show  that  by  Atwood's  machine  the 
numbers  given  in  the  third  column  of  the  preceding  table  may 
be  verified  ;  that  is  to  .say,  to  demonstrate,  by  direct  experi- 
ment, that  the  velocity  imparted  to  the  body  in  its  descent 
increases  in  the  proportion  of  the  time  of  the  fall. 

To  accomplish  this,  the  following  arrangements  are  made. 
The  preponderating  weight  used  to  produce  the  descent  of  w 
has  the  form  of  a  long  narrow  bar  d  {fig.  51),  which  is  laid 
across  the  upper  surface  of  the  cylindrical  weight  w.  A  ring  e, 
large  enough  to  allow  the  weight  w  to  pass  through  it,  but  not 
large  enough  to  allow  the  bar  resting  on  the  weight  to  pass,  is 
attached  to  the  scale  at  the  division  marked  1.  If  the  weight 
be  now  brought  to  such  a  position  that  its  upper  surface  shall 
coincide  with  the  zero  of  the  scale,  and  if  it  be  let  fall  at  a 
moment  corresponding  with  one  beat  of  the  pendulum,  its  upper 
surface  will  arrive  at  the  ring  e  at  the  moment  of  the  next  beat, 
and  the  ring  which  allows  the  weight  w  to  pass  freely  through 
will  catch  the  bar,  which  will  rest  upon  it.  After  the  top  of  the 
weight,  therefore,  has  passed  the  ring,  the  weight  w  being  re- 
lieved from  the  bar,  by  whose  preponderance  its  motion  was 
accelerated,  will  continue  to  move  downwards  without  further 
acceleration,  with  the  velocity  it  had  acquired  at  the  end  of  the 
first  second,  such  velocity  being  now  continued  uniform.  If, 
then,  the  descent  of  this  weight  uniformly  downwards  be  com- 
pared with  the  beats  of  the  pendulum,  it  will  be  found  to  move 
uniformly  at  the  rate  of  "two  inches  per  second. 
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Thus,  we  infer,  first,  that  the  velocity  imparted  at  the  end  of 
the  first  second  is  such  as  to  make  the  weight  w  move  uniformly 
in  one  second  through  double  the  space  tlirough  which  it  has 
fallen,  and  that  such  velocity  is  at  the  rate  of  two  inches  per 
second. 

Let  the  ring  be  now  moved  to  the  fourth  division  of  the 
scale  and  the  bar  being  put  upon  the  weight  w,  let  the  experi- 
ment be  repeated.  It  will  be  found  that  at  the  end  of  two 
seconds  the  bar  will  strike  the  ring  and  the  weight  will  pass 
below  it,  moving  with  a  uniform  velocity  }  and  by  comparing  its 
motion  along  the  scale  with  the  beats  of  the  pendulum  it  will  be 
found  that  this  velocity  is  at  the  rate  of  four  inches  per  second. 

Again,  let  the  position  of  the  ring  be  fixed  at  the  ninth  divi- 
sion of  the  scale,  and,  replacing  the  bar,  let  the  experiment  be 
once  more  repeated.  It  wiU  be  found  that  the  bar  will  strike 
the  ring  at  the  end  of  the  third  second,  and  that  the  weight  w, 
when  disengaged  from  the  bar,  will  continue  to  descend  with 
the  uniform,  velocity  of  six  inches  per  second.  The  same  experi- 
ment may  be  repeated  for  as  many  seconds  as  the  height  of  the 
scale  may  admit,  and  like  results  will  be  obtained.  We  may 
thus  obtain  a  complete  verification  of  the  numbers  contained  in 
the  third  column  of  the  table,  p.  102. 

114.  Calculation  of  motion  due  to  grravity. — From  these 
experiments  we  are  enabled  to  calculate  the  height  through 
which  a  body  would  fall  in  one  second  of  time  by  the  efiect  of 
the  force  of  gravity,  and  independently  of  any  influence  from 
the  resistance  of  the  air. 

It  appears  from  what  has  been  stated,  that  when  the  magni- 
tude of  the  weights  w',  w,  and  w  was  so  adjusted  that  the  height 
of  the  descent  was  193  times  less  than  the  height  with  which  w 
would  fall  freely,  the  height  through  which  it  fell  was  one  inch. 
It  consequently  follows,  that  if  w  were  submitted  to  the  unim- 
peded action  of  gravity  it  would  fall  through  193  inches,  or  16 
ft.  I  in.,  in  the  first  second. 

The  table  at  page  102,  compared  with  this  result,  will  show 
all  the  circumstances  attending  the  descent  of  bodies  falling 
freely,  16  ft.  i  in.  being  the  unit  of  the  table.  Thus,  if  we 
desire  to  ascertain  the  height  from  which  a  body  would  fall 
in  five  seconds,  we  take  the  number  in  the  fourth  column  of 
the  table  opposite  5  seconds,  which  is  25,  and  multiply  it  by  16 
ft.  1  in. ;  the  product,  which  is  402  ft.  i  in.,  will  be  the  height 
required. 

In  the  same  manner,  if  it  be  required  to  determine  what 
space  a  falling  body  would  descend  through  in  the  fifth  second 
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of  its  motion,  we  take,  in  the  second  column  of  the  table,  the 
number  opposite  5  seconds,  which  is  9  ;  we  multiply  16  ft.  i  in. 
by  this  number,  and  find  the  product,  which  is  144  ft.  9  in., 
which  is  the  space  required. 

In  like  manner,  if  it  be  required  to  determine  with  what 
velocity  a  body  would  strike  the  ground  after  falling  during  an 
interval  of  five  seconds,  we  take  the  number  in  the  third  column 
of  the  table  opposite  5  seconds,  which  we  find  to  be  10,  and  we 
multiply  16  ft.  I  in.  by  this  number.  The  product,  which  is 
160  ft.  10  in.,  will  be -the  velocity  required  ;  and  we  infer  that 
the  body  thus  falling  would  have,  when  it  strikes  the  ground,  a 
velocity  of  160  ft.  10  in.  per  second. 

It  will  be  observed  that  the  numbers  in  the  first  column  of 
the  table  now  referred  to,  and  which  express  the  time  of  the 
fall,  are  the  square  roota  of  the  numbers  in  the  fourth 
column,  which  express  the  height  from  which  the  body  falls. 
We  have,  therefore,  this  general  principle  of  uniformly-accele- 
rated motion : 

When  a  body  is  moved  by  a  imifomdy  acceleratiiig  force,  the  times 
required  to  m>ove  thro^igh  any  given  space  are  proportional  to  the 
square  roots  of  those  spaces. 

By  the  aid  of  this  rule,  and  the  results  already  obtained,  we 
are  enabled  to  ascertain  the  time  which  a  body  would  take  to 
fall  from  any  given  height.  Thus,  if  a  body  be  supposed  to  fall 
from  a  height  of  10,000  feet :  Find  the  number  of  times  which 
16  ft.  I  in.  are  contained  in  10,000  feet,  which  is  done  by  di- 
viding 10,000  by  i6y^2.     The  quotient  is  62176. 

This  number  is  then  the  square  of  the  nimiber  of  seconds  in 
the  time  of  the  fall.  The  square  root  of  this  obtained  from  a 
table  of  square  roots  being  24*9,  we  infer  that  the  time  a  body 
would  take  to  fall  through  the  height  of  10,000  feet  is  24*9 
seconds. 

In  the  same  manner  it  follows  that,  since  the  velocity  ac- 
quired by  a  body  in  its  fall  is  proportional  to  the  time  of  the 
fall,  and  since  the  time  of  the  fall  itself  is  proportional  to  the 
square  root  of  the  height,  the  velocity  acquired  must  also  be 
proportional  to  the  square  root  of  the  height. 

If  we  would,  therefore,  determine  the  velocity  with  which  a 
body  falling  from  a  given  height  would  strike  the  ground, 
independently  of  the  effect  of  the  resistance  of  the  air,  we  are 
enabled  to  do  so  by  these  principles. 

•*  'Thus,  let  it  be  required  to  determine  the  velocity  with  which 
a  body  falling  from  the  height  of  10,000  feet  would  strike  the 
ground.     It  has  been  just  shown  that  the  time  of  the  fall  would 
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be  24*9  seconds,  and  it  has  been  already  demonstrated  that  the 
velocity  acquired  by  the  body  is  such  that  it  would  move 
uniformly  over  a  space  equal  to  double  the  height  through 
which  it  has  fallen,  and  in  the  same  time.  Therefore,  the 
velocity  in  this  case  would  be  such  thafc  in  24*9  seconds  the  body 
would  move  uniformly  through  20,000  feet ;  and  consequently, 
by  dividing  20,000  by  24*9,  we  shall  obtain  the  velocity  in  feet 
per  second,  which  appears,  therefore,  to  be  803  feet  per  second. 
The  velocity  with  which  a  falling  body  strikes  the  ground 
increases  thus  in  a  much  less  proportion  than  the  height  from 
which  it  falls.  If  the  height  be  augmented  in  a  fourfold  pro- 
portion, the  velocity  at  the  instant  of  reaching  the  groimd  will 
only  be  doubled  ;  and  if  the  height  be  augmented  nine  times 
the  velocity  will  only  be  three  times  greater,  and  so  on. 

115.  Hetarded  motion  of  bodies  projected  upwards. — 
All  the  circumstancos  attending  the  accelerated  descent  of 
falling  bodies,  which  have  been  explained  in  the  present  chap- 
ter, are  exhibited  in  a  reversed  order  when  a  body  is  projected 
upwards.  Gravity  then  acts  as  a  uniformly  retarding,  instead  of 
a  unifoi-mly  accelerating  force,  depriving  the  body  so  projected 
of  equal  quantities  of  velocity  in  equal  times  ;  and,  further,  it  is 
apparent  that  the  velocities  which  the  force  of  gravity  thus 
destroys  in  a  body  projected  upwards  in  any  given  time  are 
exactly  equal  to  those  which  it  would  impart  to  a  body  in  the 
same  time  when  falling  freely. 

Thus,  if  a  body  be  projected  vertically  upwards  with  the 
velocity  which  it  would  acquire  in  falling  freely  during  one 
second,  the  body  so  projected  will  rise  exactly  to  the  heiglit 
from  which  it  would  have  fallen  in  one  second,  and  at  any  point 
of  its  ascent  it  will  have  the  velocity  which  it  would  have  at  the 
same  point  if  it  had  descended. 

To  determine,  therefore,  the  height  to  which  a  body  will 
rise  projected  upwards  with  a  given  velocity,  it  is  only  necessary 
to  determine  the  height  from  which  it  would  fall  to  acquire  the 
same  velocity. 

In  like  manner,  to  determine  the  time  which  a  body  would 
take  to  rise  to  a  certain  height  when  projected  upwards,  it  is 
only  necessary  to  determine  the  time  which  it  would  take  to 
fall  freely  from  the  same  height. 

116.  Motion  do'wn  an  inclined  plane. — A  plane  and  hard 
surface,  which  is  neither  in  the  vertical  nor  horizontal  position, 
is  called  an  inclined  plane.  In  fig.  57,  if  the  line  w  o  be  ver- 
tical, then  w  M  will  represent  an  inclined  plane. 

Bodies  which  descend  upon  inclined  planes  move  under  the 


Digitized 


by  Google 


J 14 


FORCE  AND  MOTION. 


influence  of  a  uniformly  accelerating  force  similar  to  that  of 
gravity,  omitting,  for  the  present,  the  consideration  of  friction, 
and,  as  usual,  the  resistance  of  the  air. 

Let  w  be  a  body  placed  upon  the  inclined  plane.      The  force 

of  gravity  acts  upon  it  in  the 
vertical  direction  w  o.  Let  this 
line  w  o,  thus  representing  the 
force  of  gravity,  be  considered 
as  the  diagonal  of  a  parallelo- 
gram, of  which  w  N  and  w  m 
are  sides,  the  side  w  n  being 
perpendicular  to  w  m.  The 
entire  force  of  gravity,  therefore, 
represented  by  w  o,  and  acting 
on  the  body  w,  will,  by  the 
principle  of  composition  of 
forces,  be  equal  to  the  two 
forces  represented  by  the  sides 
of  the  parallelogram  w  m  and 
w  N.  But  w  N,  being  perpen- 
dicular to  the  plane,  is  counter- 
acted by  it,  and  exhibits  itself 
merely  as  a  pressure  upon  it. 
The  component  w  m, 'however, 
being  in  the  direction  of  the 
plane  and  downwards,  will  cause  the  body  to  move  down  the 
plane. 

The  proportion  of  tliis  accelerating  force  down  the  plane  to 
that  of  gravity  acting  freely  in  the  vertical  direction,  will, 
therefore,  be  that  of  the  lines  w  m  to  w  o.  If  w  o  be  the 
height  through  which  a  body  would  fall  vertically  in  one  second, 
then  w  M  will  be  the  distance  through  which  the  body  would 
fall  in  the  first  second  on  the  inclined  plane.  It  is  evident, 
therefore,  that  by  taking  w  o  equal  to  193  inches,  the  distance 
w  M  will  be  actually  that  down  which  the  body  w,  independently 
of  friction,  &c. ,  would  fall  in  the  first  second. 

If  it  be  desired  to  ascertain  the  force  with  which  the  body  w 
presses  on  the  inclined  plane,  let  w  o  be  taken  so  as  to  consist 
of  as  many  inches  as  there  are  pounds  in  the  weight  w.  Then 
w  N  will  consist  of  as  many  inches  as  there  are  pounds  in  the 
pressure  which  w  exerts  on  the  plane. 

The  motion  down  an  inclined  plane,  therefore,  being  uni- 
formly accelerated,  like  that  solely  due  to  gravity,  but  only 
modified  in  its  velocity  in  a  certain  ratio  depending  on  the 
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inclination  of  the  plan«,  aJl  the  circumstances  which  have  been 
ab-eady  explained  in  reference  to  the  accelerated  motion  of 
bodies  falling  freely  will  be  similarly  exhibited  in  the  motion 
down  an  inclined  plane. 

Let  w  M  {fig.  58)  be  an  inclined  plane,  and  w  o  the  vertical 
line,  and  let  us  suppose  two  bodies  dis- 
missed at  the  same  moment  from  w,  one 
falling  down  the  vertical  line  w  o,  and 
the  other  down  the  line  w  m.  Let  i,  11, 
III,  IV,  V,  be  the  points  upon  the  vertical 
line  0,  at  which  the  body  is  found  at  the 
end  of  one,  two,  three,  foul*,  and  five 
seconds. 

If  from  this  point  lines  be  drawn  per- 
pendicular to  w  M,  the  points  i\  11',  iii', 
iv',  v',  where  these  perpendiculars  will 
meet  the  inclined  plane,  will  be  those  at 
which  the  body  falling  down  such  inclined 
plane  will  be  found  at  the  same  instants  ; 
that  is  to  say,  at  the  end  of  the  first 
second  the  one  body  will  be  found  at  i 
and  the  other  at  i',  at  the  end  of  the 
second  second  the  bodies  wUl  be  found 
respectively  at  11  and  11',  at  the  end  of 
the  third  second  at  iii  and  iii',  and  so 
on. 

The  force  down  the  inclined  plane  is 
just  so  much  less  in  intensity  than  the  ^'^^'  s^- 

force  of  gravity  as  the  spaces  w  i',  w  11',  w  iii',  &c.,  are 
respectively  less  than  w  i,  w  11,  w  in,  &c.  Consequently,  it  ia 
evident  that  these  spaces,  being  in  the  proportion  of  the  forces, 
will  be  described  in  the  same  time,  as,  indeed,  has  been  already 
proved. 

In  this  manner,  therefore,  the  circumstances  of  the  motion 
down  an  inclined  plane  may  always  be  determined  with  re- 
ference to  the  circumstances  of  the  motion  down  a  vertical 
line. 

If  it  be  desired  to  ascertain  the  points  at  which  a  body 
falling  down  an  inclined  plane  will  acquire  the  same  velocities 
which  it  acquired  in  one  or  more  seconds  in  falling  freely  in  the 
vertical  direction,  it  \a  only  necessary  to  consider  that  the  more 
feeble  force  down  the  plane  requires  a  proportionally  greater 
space  to  produce  a  given  velocity.  If,  then,  w  m  and  w  o  {fi^, 
59)  represent,  as  before,  an  inclined  plane  and  a  vertical  Hne, 
I  2 
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and  if,  as  before,  i,  ii,  m,  iv,  v  represent  the  points  at  which 
the  body,  falling  vertically,  would  be  found  at  the  end  of  one, 
two,  three,  four,   and  five    seconds, 
then  the  points  on  the  plane  where  the 
same  velocity  would  be   attained  as 
the  body  had  at  the  points  i,  ii,  in, 
IV,   and  V,   will    be    determined    by 
drawing  lines  from  the  points  i,  n,  in, 
IV,  and  V  respectively  in  the  horizontal 
direction,  because,  by  these  means,  the 
line  w  V  on  the  plane  will  be  just  so 
much  longer  than  the  line  w  i  as  the 
force  of  gravity,  acting  freely,  is  more 
intense  than  the  force   down  the  in- 
clined plane  ;  consequently  the  velocity 
which  will  be   acquired  at  v  on  the 
plane,  will  be  the  same  as  the  velocity 
acquired  at  i  in  falling  freely. 

In  the  same  manner,  it  will  appear 
that  the  velocities  acquired  on  the 
•  plane  at  the  points  v',  v'',  V" ,  V" 
will  be  the  same  as  the  velocities 
acquired  in  falling  freely  at  the  points 
II,  in,  IV,  and  v. 

117.  Projecttles. — We  have  con- 
sidered the  case  where  a  body,  acted 
on  freely  by  the  force  of  gravity,  is  either  allowed  to  fall 
vertically  downwards,  or  is  projected  vertically  upwards. 
We  shall  now  consider  the  other  cases,  in  which  a  body  is  pro- 
jected in  any  other  direction,  not  vertical,  and  then  abandoned 
to  the  action  of  gravity, — a  problem  which  forms  the  foundation 
of  the  doctrine  of  projectiles.  The  solution  of  this  problem 
follows  immediately  from  the  principles  which  determine  the 

tion  of  a  body  falling  freely,   as  explained  in  the  present 

chapter,  and  the  composition  of  motion. 

Let  us  first  take  the  case  in  which  a  body  w  i^fi/q,  60),  as,  for 
instance,  a  ball  shot  from  a  cannon,  is  projected  in  the  horizon- 
tal direction  w  M.  If  the  force  of  gravity  did  not  act  on  it,  it 
would  move  forwards  towards  M  with  the  velocity  of  projection 
continued  uniform,  and,  in  virtue  of  such  motion,  would  pass 
over  equal  spaces  in  equal  times.  Thus,  if,  by  the  velocity  of 
projection,  the  body  would  move  from  w  to  i'  in  the  first  second, 
it  would  move  from  i'  to  n'  in  the  next  second,  from  11'  to  iii' 
in  the  following  second,  and  so  on,  these  successive  spaces  being 
equal. 
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But  if,  on  the  other  hand,  the  body,  without  being  projected 
at  all,  were  disengaged  at  w,  and  left  to  the  action  of  gravity- 
alone,  it  would,  as  has  been  already  explained,  descend  verti- 
cally, and  would  be  found  at  the  points  i,  11,  iii,  iv,  v  at  the 
end  of  the  successive  seconds,  the  distance  being,  as  already 
explained,  represented  by  the  numbers  i,  4,  9,  &c. 
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Fig.  60. 

Now,  the  body  leaving  w,  being  submitted  to  both  these 
forces  simultaneously,  will,  by  the  composition  of  motion,  be 
found  at  the  end  of  each  successive  second  at  the  extremities  of 
the  diagonals  of  a  parallelogram  whose  sides  represent  these 
motions.  Thus,  at  the  end  of  the  first  second,  the  body  will  be 
found  at  the  point  i,  being  the  extremity  of  the  diagonal  of  a 
parallelogram  whose  sides  are  the  space  w  i',  through  which  the 
body  would  move  in  virtue  of  the  velocity  of  progression,  and 
w  1  the  space  through  which  it  would  fall  freely  in  the  same  time 
by  gravity.  If  the  force  of  gravity  would  have  made  it  move 
over  w  I  with  a  uniform  motion,  then  the  body,  in  moving  from 
w,  woidd  follow  exactly  the  diagonal  of  the  parallelogram.  But 
the  force  of  gravity  imparting  to  the  body  not  a  uniform,  but 
an  accelerated  motion,  first  very  slow  and  then  more  rapid,  the 
body  will  pass  from  w  to  i,  not  by  a  strict  diagonal  course,  but 
by  a  curved  line,  as  represented  in  the  figure. 

In  the  same  manner,  at  the  end  of  two  seconds,  the  body 
will  be  found  at  2.  For  it  is  actuated  at  the  same  time  by  two 
motions  ;  first,  the  projectile  motion,  which,  acting  alone  upon 
it,  would  carry  it  uniformly  from  w  to  11%  and,  secondly,  the 
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force  of  gravity,  "which,  acting  alone  upon  it,  would  cause  it  to 
to  fall  from  w  to  ii.  At  the  end  of  two  seconds  it  will  therefore 
be  found  at  the  point  2,  being  the  extremity  of  the  diagonal. 

But,  as  before,  the  motion  from  w  to  11  not  being  uniform 
but  accelerated,  first  slow  but  afterwards  more  rapid,  the  body 
will  pass  from  w  to  2,  not  along  the  diagonal,  but  over  the 
curved  line  represented  in  the  figure. 

The  same  explanation  will  be  applicable  to  its  remaining 
course,  and  it  will  follow  that  the  body  will  pursue  the  curved 
course  from  w  to  5  in  five  seconds,  in  consequence  of  the  com- 
bination of  the  velocity  of  projection  imparted  to  it,  an^  repre- 
sented by  w  v',  with  the  descending  motion  imparted  to  it  by 
gravity,  and  represented  by  w  v.  ^ 

118.  Oblique  projection. 
— In  this  case  we  have  sup- 
posed, for  simplicity,  the  body 
to  be  projected  in  the  hori- 
zontal direction  ;  but  the 
same  principles  will  explain 
its  motion,  if  projected  in  an 
oblique  direction,  such  as  w  m 
(fig.  6.). 

As  before,  let  the  sp^ce 
which  the  body  would  move 
over  in  one  second,  in  virtue 
of  the  projectile  force  alone, 
gravity  being  supposed  not  to 
act  upon  it,  be  w  i'.  It  would 
move  over  the  equal  spaces 
terminating  at  i',  11",  m',  iv', 
v'  in  the  successive  seconds. 

On  the  other  hand,  sup- 
pose the  body  to  be  acted  on 
by  gravity  alone,  indepen- 
dently  of  the  projectile  force. 
It  would  then,  as  before, 
moving  in  the  vertical  line 
w  o,  be  found  at  the  end  of  the 
successive  seconds  at  the 
points  I,  II,  III,  IV,  V. 


Fig.  61. 


Now,  by  the  principle  of  the  composition  of  motion,  the 
body  will  actually  be  found,  in  consequence  of  the  simultaneous 
effects  of  the  two  motions  imparted  to  it  by  gravity  and  by  the 
projectile  force,  at  the  end  of  the  successive  seconds,  at  the 
points.  I  j^  2^  3^  4,  5,  which  are  the  extremities  of  the  diagonals  of 
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paraUelograms,  whose  sides  are  respectively  the  spaces  which 
the  body  would  describe  in  virtue  of  the  force  of  projection,  and 
of  gravity,  each  acting  separately.  The  course  of  the  body  will 
be  the  curved  line  represented  in  the  figure,  and  not  the  straight 
diagonal,  for  the  reasons  already  explained. 

119.  BCotlon  in  parabolic  curves, — The  path  which  the 
projectile  follows  in  this  case  is  a  ourve,  known  in  geometry  as 
the  parabola,  the  property  of  which  is,  that  the  sides  of  the 
parallelogram  whose  diagonal  determines  its  successive  points 
are  related  to  each  other  as  the  successive  whole  numbers  i,  2, 
3,  4,  &c.,  and  their  squares  i,  4,  9,  16,  &c.  This  property  may 
be  expressed  algebraically  by  saying  that  the  ratio  of  the  square 
of  the  side  wi'  to  the  side  wi  (figs.  60  and  61)  is  the  same  as  that 
of  the  square  wii^  to  wii,  and  so  on  ;  in  other  words,  the  ratios 

(wiO»    (wii)»    (win')' 

WI  WII  Will 

are  constant  for  the  same  velocity  and  direction  of  projection. 

1 20.  Resistance  of  tbe  air. — The  conclusions  and  results 
at  whidi  we  have  arrived  in  the  preceding  articles  rest  upon 
the  supposition  that  the  body  moves  either  in  vacuo  or  is  a 
medium  which  offers  no  resistance  to  it,  so  that  the  forces  of 
gravity  and  of  projection  which  are  imparted  to  the  body  are  in 
no  way  diminished  during  its  motion.  In  reality,  however,  the 
motion  of  all  projectiles  takes  place  in  the  air,  which  exerts  re- 
sistance to  the  motion  of  bodies,  and,  moreover,  the  resistance 
thus  exerted  is  by  no  means  uniformly  exerted  but  varies  con- 
stantly, increasing  in  general  with  the  square  of  the  velocity. 
The  real  path,  therefore,  of  projectiles  diiiers  more  or  less  from 
the  parabola  explained  above.  The  deviation  is  not  very  con- 
siderable when  the  velocity  of  the  moving  body  is  not  great ;  but 
when  the  projectile  is  driven  with  great  velocity,  as  in  the  practice 
of  gunnery,  then  the  deviation  from  the  parabolic  path  is  so  con- 
siderable that  the  above  theory  becomes  altogether  inSipplicable. 

121.  iLppIication  of  projectiles  in  gunnery. — According 
to  what  has  been  explained  above,  a  ball  projected  from  any 
missile  will  not  follow  the  direction  of  the  axis  of  the  barrel  ^ 
but  will  proceed  in  a  curved  line,  concave  downwards,  to  which 
the  direction  of  the  barrel  is  a  tangent ;  thus,  for  example,  if 
the  barrel  be  directed  horizontally  in  the  line  w  m,  Jig.  60,  the 
ball  proceeding  along  the  dotted  curve  will  fall  below  the  line 
of  aim  ;  and  if  that  line  be  directed  to  the  object  the  ball  will 
miss  it  by  passing  too  low  ;  to  hit  an  object,  therefore,  at  any 
proposed  distance,  the  gun  must  be  aimed  in  a  direction  above 
that  of  the  object,  more  or  less  according  to  the  distance 
of  the  object  and  the  force  of  the  charge  ;  thus,  for  example. 
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if  the  giin  be  discharged  from  w,  fig.  6i,  and  the  object  be  at  4, 
the  force  of  the  charge  being  Buch  as  to  cause  the  ball  to  move 
in  the  curve  i,  2,  3,  4,  5,  it  is  evident  that  in  order  to  hit  the 
object  at  4,  the  gun  must  be  aimed  in  the  direction  w  m.  In 
practical  gunnery,  the  force  of  the  charge  for  each  form  and  class 
of  gun  is  known,  and  expedients  are  found  by  which  the 
distance  of  objects  aimed  at  may  be  determined  with  sufficient 
approximation  for  practical  purposes.  With  these  data  the  in- 
clination at  which  aim  is  to  be  taken  with  each  sort  of  weapon, 
in  order  to  hit  the  object,  is  determined  by  simple  rules,  which 
can  be,  without  difficulty,  applied  in  the  field. 

Until  recently  the  muskets  placed  in  the  hands  of  soldiers 
were  u$>ually  aimed  so  that  the  Une  of  sight  was  at  once  parallel 
to  the  barrel  and  directed  to  the  object,  as  shown  in  fig.  62. 
But  since  the  improvements  which  have  recently  taken  place  in 
musketry,  and  more  especially  by  the  introduction  of  the  im- 
proved rifles,  greater  precision  of  aim  has  been  attained.     With 


Fig.  62. 

an  aim  directed,  as  in  fig.  62,  at  the  object,  the  ball  must  neces- 
sarily pass  below  it.  So  long  as  the  range  of  a  musket  was  of  limited 
extent,  and  when  great  precision  was  not  expected  to  be  attained, 
this  deviation  was  disregarded  ;  but  since,  by  the  modem  im- 
provements, the  range  has  been  greatly  augmented,  the  drop  of 
the  ball  produced  by  the  curvature  of  the  projectile  would  be- 
come so  considerable  as  to  deprive  the  weapon  of  the  necessary 
precision.  On  the  modem  guns,  therefore,  a  double  sight  is 
provided,   by  which  the    elevation  necessary  to  ensure  point- 


Fig.  63. 

blank  precision  can  always  be  given  to  the  barrel  ;  one  of  the 
sights  B,  fi^.  63,  is  fixed  in  the  usual  manner  on  the  extremity  of 
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the  barrel,  while  the  other,  a,  is  one  which  is  graduated,  and  some- 
times provided  with  an  adjustment,  by  which  it  can  be  adapted 
to  objects  at  different  distances,  so  as  to  hit  them  point-blank. 

122.  fiffeot  of  a  bammer. — When  a  nail  is  driven  by  the 
strokes  of  a  hammer  the  resist- 
ance which  the  moving  body 
has  to  overcome  is  the  friction 
between  the  nail  and  the  wood ; 
the  momentum  of  the  hammer 
is,  however,  imparted  to  the 
wood,  and  if  the  latter  have  not 
sufficient  resistance  to  prevent 
it  from  unduly  yielding  to  the 
force,  the  nail  will  not  pene- 
trate. In  such  a  case,  for  ex- 
ample, as  that  which  is  repre- 
sented in  fig.  64,  where  the  nail 
is  to  be  driven  into  a  board, 
having  no  support  behind  it, 
and  not  thick  enough  itself  to 
offer  the  necessary  resistance, 
the  blows  of  the  hammer,  if 
strong  enough,  would  break  the 
board,  but  would  not  drive  in  ^*  ^^' 

the  nail.  The  object  is  attained  by  applying  behind  the  board 
fi^.  65,  a  block  of  wood,  or,  still  better,  a  lump  of  lead,  against 
which  the  blows  of  the  hammer  will  be  directed.  It  is  not, 
however,  as  might  be  supposed,  by  any  increased  resistance 
thus  opposed  to  the  blows  that  in  this  case  the  object  is 
attained.  To  comprehend  the  effect  produced,  it  is  necessary 
to  consider  that  in  each  case  the  momentum  of  the  hammer  is 
equally  imparted  to  the  mass  which  it  strikes  ;  but  in  the  one 
case  {fig.  64)  this  momentum  is  received  by  the  board  alone, 
which,  having  little  weight,  is  driven  by  it  through  so  great  a 
space  as  to  produce  a  considerable  flexure,  or  even  fracture ; 
but  in  the  second  case,  the  same  momentum,  being  shared 
between  the  board  and  the  block  of  wood  or  metal  applied 
behind  it,  will  produce  a  flexure  of  the  former,  less  in  the  same 
proportion  exactly  as  the  weight  of  the  board  and  block  applied 
to  it  together  is  greater  than  the  weight  of  the  board  alone. 

The  same  principle  serves  to  explain  a  trick,  or  torn-  deforce, 
sometimes  shown  by  public  exhibitors.  The  exhibitor,  extend- 
ing his  body  horizontally,  his  legs  and  shoulders  being  sup- 
ported, causes  a  heavy  anvil  to  be  placed  upon  his  chest  and 
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abdomen  ;  men  employed  for  the  purpose  then  give  successive 
blows  of  heavy  sledge-hammers  upon  the  anvil,  without  injury 

to  the  exhibitor ;  blows 
which  would  speedily  put  an 
end  to  his  exhibitions  if  they 
were  received  without  the 
interposition  of  the  anvil. 

To  explain  this  feat,  it  is 

only   necessary  to    consider 

that  the  whole  momentum  of 

the  sledge,  being  imparted  to 

the  anvil,  will  give  the  latter 

^5.  I  jj'  a  downward  motion  just  as 

X^ g^^  1 1  i,  much  less  than  the  motion  of 

^      jkMB  I  *^®  sledge  as  the  mass  of  the 

^^0^^^^  I  I  Am.   sledge  is  less  than  the  mass  of 

^F  I  if       y— ^^^the  anvil.     Thus,  if  we  sup- 

'     "        ^  pose  the  weight  of  the  sledge 

to  be  100  times  less  than  that 

of  the  anvil,  the  downward 

motion  of  the  anvil  upon  the 

body  of  the  exhibitor  will  be 

^'  also  100  times  less  than  the 

motion  with  which  the  sledge  strikes  it,  and  the  body  of  the 

exhibitor  easily  yielding  to  so  slight  a  displacement,  he  passes 

through  the  ordeal  with  complete  impunity. 

123.  Influence  of  time  upon  tbe  elTeot  of  force. — Some 
extraordinary  and  apparently  unaccountable  mechanical  eflfects 
are  explained  by  the  fact  that  the  effects  of  forces  are  greatly 
modified  by  the  continuance  of  their  action  ;  a  resistance  which 
will  be  sufficient  to  counteract  a  force  whose  action  continues 
only  for  a  few  seconds  will  often  yield  to  it  if  it  act  for  as  many 
minutes. 

It  is  a  fact  familiar  to  all  skaters  that  they  may  pass  with 
impunity  over  thin  ice,  which  would  break  under  their  weight 
if  they  moved  over  it  more  slowly,  and  still  more  if  they  stood 
still  upon  it. 

The  effect  of  forces  acting  upon  solid  bodies  is  transmitted 
from  molecule  to  molecule  through  their  dimensions,  before  it 
can  affect  the  aggregate  of  their  mass  ;  and  if,  from  the  nature 
of  the  force,  the  entire  duration  of  its  action  be  less  than  that 
which  is  necessary  to  propagate  tlirough  the  mass  its  effect,  that 
effect  can  only  be  produced  upon  the  part  of  the  mass  on  which 
it  immediately  acts. 
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Let  us  suppose,  for  example,  that  a  musket-ball  be  pressed 
with  the  hand  against  a  pane  of  glass,  it  will  break  the  glass  to 
pieces — the  fractures  extending  to  its  very  edges.  If  the  same 
ball  be  flung  from  the  hand  with  some  velocity  against  the  same 
pane,  it  will  pass  through  it,  making  a  hole  considerably  larger 
than  the  ball,  surrounded  by  diverging  cracks.  But  if  the  ball  be 
propelled  from  a  gun  against  the  same  pane  of  glass,  it  will 
pierce  it  with  a  hole  whose  diameter  is  nearly  equal  to  that  of 
the  ball,  and  the  hole  will  have  clean  edges  as  if  the  glass  were 
bored  through  with  an  auger.  Now  these  effects  are  easily  ex- 
plained :  when  the  ball  is  merely  pressed  against  the  glass,  the 
force  has  such  continuance  of  action  that  its  effects  have  time 
to  be  propagated  to  the  limits  of  the  pane,  which  is  accordingly 
broken  -in  pieces  ;  when  the  ball  is  projected  against  the  glass 
with  the  hand,  the  action  is  more  sudden  and  of  shorter  continu- 
ance, and  consequently  the  fractures  round  the  hole  are  much 
less  extensive  ;  but  when,  in  fine,  it  is  discharged  from  a  gun, 
its  action  being  instantaneous,  there  is  no  time  for  the  propaga- 
tion of  the  force,  and  it  merely  drives  before  it  the  portion  of 
the  glass  which  lies  in  its  way. 

If  a  cannon-ball  be  flung  with  the  hand  against  the  panel 
of  a  door,  suspended  on  hinges,  it  will  cause  the  door  to  turn 
on  its  hinges,  yielding  to  its  force  ;  but  if  the  same  cannon-ball 
be  projected  against  the  door  by  a  cannon,  it  will  pass  clean 
through  the  panel,  making  a  hole  equal  in  diameter  to  the  ball, 
and  without  imparting  any  motion  to  the  door. 

In  the  former  case,  the  action  is  slow  enough  to  allow  the 
force  to  be  propagated  to  all  parts  of  the  door,  and  therefore 
to  move  it  ;  but  in  the  latter  case,  being  instantaneous,  it 
only  affects  the  parts  of  the  wood  which  lie  immediately  in  its 
way. 


CHAPTER  X. 

CENTRE   OF   GRAVITY. 


124.  "Vrelslit. — If  •a  body  be  prevented  from  moving  in  obe- 
dience to  the  force  of  gravity  by  a  fixed  axis  passing  through  it, 
a  fixed  point  from  which  it  is  suspended,  or  a  surface  placed 
beneath  it,  the  effect  of  gravity  upon  it  will  be  manifested  by  a 
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pressure  produced  upon  such  axis,  point  of  suspension,  or  sur- 
face.    This  pressure  is  called  the  toeight  of  the  body. 

As  grravity  acts  separately  upon  all  the  component  particles 
of  a  body,  the  weight  of  such  body  is  composed  of  the  aggregate 
of  the  weights  of  all  its  particles.  This,  which  is  manifest  from 
what  has  been  already  explained,  may  be  rendered  still  more 
clear,  from  considering  that  if  a  body  be  divided  into  parts,  no 
matter  how  nunute  and  numerous,  each  of  these  parts  wiU  have 
a  certain  weight,  and  the  aggregate  amount  of  their  several 
weights  will  be  exactly  equal  to  the  weight  of  the  body  of  which 
they  are  the*  fragments. 

Such  a  division  may  be  carried  to  the  most  extreme  practical 
limit  of  comminution  by  pounding,  grinding,  filing,  and  other 
processes  known  in  the  arts,  and  the  weight  will  still  be  divided 
as  the  matter  is  divided  ;  nor  is  it  possible,  even  in  imagination, 
to  conceive  any  degree  of  comminution  so  great  that  the  same 
principle  will  not  prevail  ;  and  it  may,  therefore,  be  considered 
as  established  that  every  individual  atom  which  composes  a 
body  has  weight,  and  that  the  weight  of  the  mass  is  the  sum  of 
the  weights  of  all  its  constituent  atoms  or  molecules. 

C25.  BlTeot  of  oobesloD. — If  the  particles  composing  a  body 
had  no  mutual  coherence  or  other  mechanical  connection  having 
a  tendency  to  retain  them  in  juxtaposition,  each  particle  would 
obey  the  force  of  gravity  independently  of  the  others,  and 
they  would  fall  under  the  action  of  gravity  like  a  mass  of  sand. 
But,  if  they  be  so  connected  by  their  mutual  cohesion,  as  they 
are  in  fact  in  all  solid  bodies,  this  cohesion  will  resist  any  ten- 
dency to  separate  them  ;  they  will  maintain  their  juxtaposition, 
the  body  will  retain  its  form,  and  the  several  forces  with  which 
gravity  affects  them  will  become  compounded,  so  as  to  produce 
a  single  force  or  pressure,  which  is  the  resultant  of  all  the  sepa- 
rate forces  impressed  upon  the  particles. 

m.  1 26.  Resultant  of  forces  of  gravity  aottngr  on  molecules. 
— As  this  resultant  enters  as  a  condition  into  every  mechanical 
question  affecting  bodies,  it  is  of  the  greatest  importance  to 
investigate  the  conditions  by  which  in  every  case  its  intensity 
and  the  line  of  its  direction  may  be  determined. 

It  has  been  already  shown  that  the  weights  of  all  the  par- 
ticles composing  a  body  act  in  directions  parallel  to  a  plumb- 
line,  or  perpendicular  to  a  level  surface.  But  it  has  been  also 
demonstrated  that  when  any  number  of  forces  act  in  the  same 
direction  in  parallel  lines  their  resultant  is  a  force  acting  in  a 
line  parallel  to  them,  and  in  the  same  direction  in  this  line,  and 
that  its  intensity  or  magnitude  is  equal  to  the  sum  of  these 
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forces.  The  resultant,  therefore,  of  the  forces  of  gravity 
affecting  all  the  particles  of  any  mass  of  matter  is  a  single  force 
acting  vertically  downwards,  which  is  equal  to  the  sum  of  all 
the  forces  affecting  the  particles  severally,  and  therefore  equal 
to  the  weight  of  the  mass. 

If,  for  example,  a  B,fig.  66,  represent  a  mass  of  matter,  and 
the  small  arrows  pointing  vertically  downwards  represent  the 
direction  of  the  gravitating  forces  of  the  particles 
composing  such  mass,  then  it  follows,  from  what 
has  been  explained,  that  the  resultant  of  all  these 
forces,  or  a  single  force  equal  to  them,  will  have  a 
direction  parallel  to  them,  such  as  d  e,  and  will, 
in  its  intensity,  be  equal  to  their  sum. 

But  this  is  not  yet  sufficient  to  indicate  this 
resultant  in  a  definite  manner.  We  as  yet  only 
know  that  its  direction  is  parallel  to  the  common 
direction  of  the  gravity  of  the  particles  ;  but  in- 
numerable lines  may  be  imagined  passing  through 
the  body  vertically  downwards,  and  the  question 
still  remains  to  be  determined  which  of  these  lines  ^^* 

is  the  direction  of  the  resultant. 

When  the  body  in  question  has  a  determinate  form  and  a 
uniform  density,  or  even,  a  density  varying  according  to  some 
known  conditions,  the  principles  of  mathematical  science  supply 
methods  by  which  the  line  of  direction  of  the  resultant  may  be 
determined  ;  but  we  shall  here  adopt  a  more  simple  and  gene- 
rally intelligible  method  of  explanation. 

If  we  suppose  the  line  represented  by  the  great  arrow  d  e 
(Jig.  66)  to.be  that  of  the  resultant,  then  it  is  evident  that  if 
any  point,  such  as  c  in  that  line,  be  supported,  the  body  will 
remain  at  rest,  because  the  resultant  of  all  the  forces  acting 
upon  the  body  having  the  direction  d  e  will  be  expended  in 
pressure  on  the  fixed  point  c.  The  effect,  therefore,  will  be  that 
the  whole  weight  of  the  body  will  press  upon  c,  and  the  body 
will  remain  at  riest. 

The  same  would  be  true  for  any  point  whatever  in  the 
direction  of  the  arrow  d  e.  If,  for  example,  d  were  a  pin 
from  which  a  thread  was  suspended,  and  this  thread  were 
attached  to  the  body  at  any  point  in  the  line  d  c,  then  the  body 
would  still  remain  at  rest,  the  whole  weight  being  expended  in 
pressure  upon  the  pin  at  d  ;  for,  as  before,  the  resultant  of  all 
the  forces  of  gravity  acting  upon  the.  component  particles  of 
the  body  would  have  the  direction  d  e,  and  would  therefore  be 
supported  by  the  fixed  pin  at  D. 
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But  if  a  point  of  support  be  selected  which  is  not  in  the 
direction  of  the  resultant  d  b,  such  as  p,  and  a  string  be  carried 
from  p  to  any  point  of  the  body,  such  as  o,  then  the  body, 
although  it  will  not  be  permitted  to  descend  verticaUy,  in  obe- 
dience to  gravity,  will  nevertheless  not  remain  at  rest. 

If  we  suppose  the  weight  of  the  body  to  be  expressed  by  the 
line  G  F,  let  this  line  be  taken  as  the  diagonal  of  a  parallelogram 
whose  sides  are  c  h  and  c  i,  one  in  the  direction  of  the  cord, 
and  the  other  at  right  angles  with  it — that  portion  of  the  weight 
which  is  represented  by  c  h,  and  which  is  in  the  direction  of  the 
string,  will  act  upon  the  fixed  point  p,  and  produce  pressure 
upon  it.  The  portion  of  the  weight  which  acts  in  the  direction 
c  I  will  cause  the  body  to  move  towards  the  vertical  line  p  g, 
which  passes  directly  downwards  from  thfe  point  of  suspension. 
The  body  will  therefore  move  towards  that  vertical  line.  If 
the  body  had  been  on  the  other  side  of  the  vertical  line  p  o,  it 
would  still  have  moved  towards  it,  and  therefore  in  a  direction 
contrary  to  its  present  motion. 

127.  Bxperimental  metliod  of  determinlnir  tlie  dlrectton 
of  Uie  resultant. — From  what  has  just  been  stated,  it  follows 
that  a  body  which  is  supported  by  a  fixed  point  cannot  remain 
at  rest  unless  the  resultant  d  e  of  all  the  parallel  forces  which 
gravity  impresses  upon  its  molecules  passes  through  the  point  of 
suspension. 

This  result  supplies  us  with  a  practical  means  of  ascer- 
taining the  direction  of  the  resultant  of  the  weights  of  all  the 
component  parts  of  a  body  with  reference  to  any  given  point 
taken  upon  it,  since  we  have  only  to  suspend  the  body  by  a 
string  attached  to  the  given  point,  and  allow  it  to  settle  itself 
to  rest.  When  thus  at  rest,  the  resultant  of  the  weights  of  all 
its  particles  will  be  in  the  direction  of  the  string  by  which  it  is 
suspended. 

If  the  same  body  be  suspended  by  different  points  upon  it, 
the  parallel  directions  of  the  gravitating  forces  of  its  particles 
will  differ  in  reference  to  the  body,  although  they  are  the  same 
in  reference  to  the  direction  of  the  suspending  string,  being 
always  parallel  to  it.  Thus,  for  example,  if  an  egg  be  suspended 
with  its  length  vertical,  the  parallel  forces  which  gravity  im- 
presses on  its  particles  will  be  parallel  to  its  length  ;  but  if  it  be 
suspended  with  its  length  horizontal,  then  the  parallel  directions 
of  the  gravity  of  its  particles  will  be  perpendicular  to  its  length. 

128.  SHreotlon  of  resDltant  varies  witli  point  of  sus- 
pension.—Since  in  each  case  the  resultant  of  these  parallel 
forces  will  coincide  with  the  direction  of  the  string,  it  must  in 
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the  one  case  pass  through  the  egg  in  the  direction  of  its  length, 
and  in  the  other  in  a  direction  at  right  angles  to  its  length.  In 
like  manner,  the  body  being  supported  by  any  point  whatever 
taken  upon  it,  the  direction  of  the  string  will  be  different  for 
each  such  point  ;  and  consequently,  there  will  be  an  infinite 
variety  of  resultants  of  the  gravitating  forces  of  the  particles  of 
the  body,  according  to  the  different  points  by  which  it  may  be 
suspended. 

Now,  the  question  arises,  whether  there  is  any  relation  be- 
tween this  infinite  variety  of  resultants  ;  for  if  such  be  not  the 
case,  the  determination  of  the  resultant  of  the  gravitating  forces 
of  a  body  would  be  a  problem  which  would  present  itself  under  ' 
an  infinite  diversity  of  forms  and  conditions  for  every  individual 
body. 

129.  Point  of  intersection  of  resultants. — This  question 
may  be  solved  by  a  very  simple  experiment ;  and  its  solution  'is 
attended  with  a  remarkable  and  important  result. 

Take  a  solid  body  of  any  form,  regular  or  irregular,  and 
composed  of  a  material  which  is  easily  perforated  without  dimi- 
nishing its  mass,  or  considerably  deranging  its  structure.  Take, 
for  example,  a  mass  of  putty  of  any  form.  Let  this  mass  be 
suspended  by  a  thread  attached  to  a  fixed  point,  which  it  may 
easily  be  if  previously  surrounded  by  a  thread  forming  a  loop. 
When  at  rest,  the  resultant  of  the  forces  of  gravity,  acting  upon 
all  its  particles,  will  be  a  vertical  line  penetrating  its  dimensions 
in  the  direction  of  the  suspending  thread.  Take  a  needle,  and 
pierce  the  putty  in  this  direction.  The  hole  which  is  thus  made 
through  it  will  represent  the  direction  of  the  resultant  of  the 
gravitation  of  its  particles. 

Let  the  mass  be  now  detached  from  the  thread  of  suspension, 
and  let  it  be  again  suspended,  but  in  a  different  position,  which 
may  be  easily  accomplished  by  the  loops  of  thread  surrounding 
it.  The  mass  will  again  settle  itself  into  a  position  of  rest,  and, 
as  before,  the  direction  of  the  resultant  of  all  its  gravitating 
particles  will  be  a  vertical  line  in  the  exact  direction  of  the 
suspending  thread.  Let  the  putty,  as  before,  be  thoroughly 
pierced  in  this  direction  with  a  needle. 

Let  the  same  experiment  be  repeated  in  three  or  four  other 
different  positions  of  the  mass,  so  that  we  shall  obtain  several 
holes  pierced  through  the  body  by  th^  needle,  representing  the 
dir9ction  of  the  resultant  of  the  gravitating  forces,  in  the  several 
positions  in  wliich  the  body  was  suspended. 

Now  a  curious  relation  will  be  found  to  exist  between  the 
several  directions  in  which  the  needle  has  pierced  through  the 
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putty.  It  will  be  found,  in  fact,  that  all  these  lines  of  perfo- 
ration intersect,  at  a  common  point,  within  the  dimensions  of 
the  body.     This  fact  may  be  easily  established. 

Let  a  needle  be  inserted  in  any  one  of  the  perforations,  and 
it  will  be  found  that  another  needle  cannot  pass  through  any 
of  them,  for  its  progress  will  be  stopped  by  the  needle  already 
inserted.  All  the  perforations,  therefore,  must  intersect  each 
other  at  a  common  point  within  the  putty. 

It  appears  from  this  experiment  that  there  is  a  certain 
point,  within  the  dimensions  of  the  body,  through  which  the 
resultant  of  all  the  gravitating  forces  of  the  particles  of  the  mass 
must  pass,  no  matter  in  what  position  the  body  may  be  placed. 

1 30.  Centre  of  gmvity, — This  result,  which  is  of  high  im- 
portance, may  be  further  illustrated  and  verified  in  the  following 
manner  : — 

Let  a  flat,  thin  plate  of  metal,  or  a  piece  of  card,  of  any 
form,  however  irregular,  be  pierced  with  small  holes  at  several 
points,  so  that  it  may  be  suspended  upon  a  horizontal  pin,  the 
plate  itself  being  vertical.  When  so  suspended,  it  can  only 
remain  at  rest  provided  the  resultant  of  the  gravitating  forces 
of  its  particles  pass  through  the  pin  ;  for  otherwise,  as  has  been 
already  explained,  the  body  would  move,  in  one  direction  or 
other,  round  the  pin  on  which  it  is  suspended. 

If  a  plumb-line  be  suspended  from  this  pin,  it  is  evident 
that  when  the  plate  is  at  rest  the  direction  of  the  resultant  of 
the  gravitating  forces  must  coincide  with  the  direction  of  the 
plumb-line.  Let  a  line  then  be  traced  upon  the  plate  coincid- 
ing with  the  direction  of  the  plumb-line.  Let  the  body  be  then 
detached  from  the  pin,  and  let  the  pin  be  inserted  in  another 
hole.  The  body  will  now  hang  in  another  position,  the  resul- 
tant of  the  gravitating  forces  of  its  particles  again  coinciding 
with  the  plumb-line.  Let  the  direction  of  the  plumb-line  be 
traced  upon  the  plate  as  before.  In  fine,  let  this  experiment 
be  repeated,  with  all  the  holes  pierced  in  the  plate,  and  it  will 
be  found  that  the  lines  traced  upon  the  plate,  indicating  the 
various  directions  of  the  resultant  of  the  gravitating  forces  of  its 
particles,  will  intersect  each  other  at  one  common  point. 

This  common  point,  through  which  the  resultants  of  the 
gravity  of  the  particles  of  a  body  pass,  is  called  its  centre  of 
gravity.  A  line  drawn  in  the  vertical  direction  through  the 
centre  of  gravity  of  a  body  is  called  the  line  of  dir^on  of  t) 
centre  of  gravity.  ^*V^^ 

If  the  centre  of  gravity  of  a  body  be  supported  on  a^el 
or  axis,  and  the  body  is  free  to  turn  round  such  axis,  the\i^ 
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'i  will,  in  that  case,  remain  at  rest  in  any  position  in  which  it  may 

'-  be  placed  ;  for,  according  to  what  has  been  already  stated,  the 

!  resultant  of  the  gravitating  forces  of  all  its  particles  must  be  in 

• '  the  direction  of  a  vertical  line  passing  through  the  centre  of 

*  gravity,  and  the  whole  weight  of  the  body  may  be  considered  as 
acting  in  that  line.  But,  if  the  centre  of  gravity  be  suspended 
by  a  pivot,  or  an  axis,  then  the  whole  weight  of  the  body  will 

:  press  upon  such  pivot  or  axis,  no  matter  what  be  the  position 
^l  in  which  the  body  is  placed.     This  may  be  easily  verified  by 

•  experiment. 

Let  the  centre  of  gravity  of  any  solid  body  be  determined, 

by  suspending  it  from  different  points,  in  the  manner  explained 

..  above,  and  let  the  body  be  placed  upon  a  pivot  or  axis,  passiui^ 

through  this  point.     It  will  be  found  to  rest    indifferently   on 

such  axis  or  pivot,  in  any  position  in  which  it  may  be   placed. 

-   This  experiment  may  be  easily  pei-formed  with  a  piece  of  card 

or  pasteboard.     The  centre  of  gravity  being  determined,   let  :i 

pin  be  passed  through  it,  and  it  will  be  foinid  that  tlie  card  will 

:  rest  in  any  position  upcm  the  pin. 

131.  Case  of  regrular  flgrures. — If  a  body,  being  of  uniform 
^  density,  have  any  regular  figure,  its  centre  of  gravity  will  coin- 
cide  with  its  geometrical  centre  ;  for  the  matter  composini^  th»' 
body  will,  in  such  case,  be  symmetrically  arranged  round  that 
point,  so  that  it  is  self-evident  that  if  this  point  be  sup- 
ported the  body  will  have  no  tendency  to  turn  in  any  direction 
round  it. 

Thus,  for  example,  it  is  evident,  witliout  exi)erinient,  that  a 
ball  or  sphere  of  uniform  density,  such  as  a  billi;ud-l)all,  has 
its  centre  of  gravity  at  the  geometrical  centre.  In  like  man- 
ner, a  cube  has  its  centre  of  gravity  at  the  point  wliere  straiglit 
lines  joining  its  opposite  corners  would  intersect  each  other — that 
is  to  say,  at  its  geometrical  centre. 

If  the  figure  of  a  body  be  such  tliat  tlie  matter  comi)osing 
it  is  uniformly  distributed  round  any  line  passing  tlirougli  it,  its 
centre  of  gravity  must  lie  in  that  line,,  because,  if  it  be  suspen- 
ded by  a  string  in  the  direction  of  that  line,  it  will  remain  at 
rest  ;  since  the  gravity  of  its  particles,  acting  e(jually  on  every 
side  of  such  line,  will  have  no  tendency  to  move  it,  it  will  equi- 
librate. Thus,  it  is  evident  that  the  centre  of  gravity  of  a  cone, 
being  of  uniform  density,  must  be  situate  in  its  axis,  that  is,  in 
s  straight  line  drawn  from  the  point  of  the  cone  to  the  middle  of 
P^'-base. 

^'.t  may  be  shown  in  the  same  manner  that  the  centre  of  gia- 
'   screi!  of  a  regular  oval  solid  will  be  in  the  axis  of  the  oval  ;  that 
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of  a  cylinder  will  be  at  the  middle  point  of  its  axis ;  and  the 
centre  of  gravity  of  a  straight  rod  of  uniform  thickness  will  be 
at  the  middle  point  of  its  length  and  at  the  geometrical  centre 
of  a  section  across  it. 

132.  Centre  of  yraTitj  not  wttbin  tbe  bedy. — It  some- 
times happens  that  bodies  are  of  such  a  form  that  their  centre 
of  gravity  is  not  placed  within  their  substance.  Thus,  for 
example,  the  centre  of  gravity  of  a  hoop  is  at  its  centre,  an 
immaterial  point,  which  does  not  constitute  any  part  of  the  body 
in  question.  In  like  manner,  in  all  hollow  bodies  the  centre  of 
gravity  is  an  immaterial  point.  Thus  it  is  in  the  centre  of  a 
hollow  sphere.  The  centre  of  gravity  of  an  empty  box  or  cask 
is  within  it,  at  an  immaterial  point. 

If  a  piece  of  wire,  which  when  straight  has  its  centre  of  gra- 
vity at  its  middle  point,  be  bent  into  a  ciu*ved  form,  its  centre 
of  gravity  will  be  some  immaterial  point  within  the  concave  part 
of  the  curve.  In  like  manner,  if  the  wire  be  bent  into  the  form 
of  a  V)  ^^6  centre  of  gravity  will  be  a  point  within  the  angle  of 

the  V. 

These  conclusions  may  be  verified,  and  the  centre  of  gravity 
in  all  such  cases  found,  by  suspending  the  body  in  different 
positions  in  the  manner  already  explained. 

Although  the  centre  of  gravity  in  such  cases  be  not  a  material 
point,  and  not  included  within  the  matter  of  the  body,  it  never- 
theless still  possesses  those  properties  which  it  would  possess 
were  it  actually  included  within  the  mass  of  the  body. 

To  verify  this  by  experiment,  let  us  suppose  a  bar  of  metal 
A  B  {fig.  67),  bent  into  a  curved  form.  Let  its  centre  of  gravity 
be  determined  by  suspension.  When  sup- 
ported by  the  point  A,  let  A  c  be  the 
direction  of  the  plumb-line,  and  when 
supported  by  the  point  b,  let  b  d  be  the 
direction  of  the  plumb-line.  It  follows, 
^^^'  ^7*  therefore,  that  the  point  o  within  the  con- 

cavity of  the  curve  where  these  two  lines  intersect,  will  be  the 
centre  of  gravity.  Let  a  light  silk  cord  be  attached  to  the 
points  A  and  c,  and  stretched  tight  between  them,  and  let 
another  silk  cord  be  stretched  between  the  points  b  and  d  in  the 
same  manner.  Now  the  point  o,  where  these  two  points  cross 
each  other,  will  be  the  centre  of  gravity. 

Let  a  cord  be  tied  to  the  junction  of  the  string  at  o,  and 
let  the  upper  extremity  of  this  cord  be  attached  to  a  fixed 
point,  so  that  the  wire  may  be  thus  suspended.  It  will  be 
found  that  in  this  case  the  hoop  of  wire  will  rest  in  equilibrium 
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in  any  position  in  which  it  may  be  placed.  In  this  case,  the 
weight  of  the  silk  string  being  insignificant  in  comparison  with 
the  weight  of  the  wire,  does  not  disturb  the  jjosition  of  the 
centre  of  gravity,  which  still  remains  at  o. 

133.  Properties  of  tbe  centre  of  §rraTit3r* — If  a  body, 
without  being  absolutely  fixed  in  its  position,  so  as  to  be  im- 
moveable, be  nevertheless  partially  restrained,  so  as  to  be  capable 
of  moving  only  under  certain jconditions  or  within  certain  limits, 
then  the  centre  of  gravity  will  have  always  a  tendency  to  move 
to  the  lowest  position  which  the  conditions  under  which  the 
body  is  placed  will  admit  of  ;  and  in  all  cases  the  body  can 
never  remain  at  rest  unless  its  line  of  direction  of  the  centre  of 
gravity — that  is  to  say,  a  vertical  line  passing  through  it — should 
pass  through  a  point  of  support. 

It  may  therefore  be  assumed,  as  a  principle  of  the  highest 
generality,  that,  in  all  cases  in  which  a  body  is  at  rest,  a  vertical 
line  passing  through  its  centre  of  gravity  must  also  pass  through 
a  point  of  support.  If  the  point  of  support  through  which 
this  line  passes  be  placed  above  the  centre  of  gravity,  the 
body  is  said  to  be  suspended  ;  if  it  be  placed  below,  it  is  said  to 
be  supported. 

If  a  body  be  suspended  from  a  fixed  point  by  a  string  it  will 
remain   at   rest,    as    has  r 

been    already  explained,  ,\ 

provided  its  centre  of 
gravity  be  placed  in  a 
vertical  line  under  the 
point  of  support.  But  if 
the  body  be  drawn  out  of 
that  position,  so  that  the 

centre  of  gravity  will  be  /  |  \ 

on  either  side  of  such 
vertical    line,    then    the  ^^  / 

body  when  disengaged 
will  fall  from  such  position 
to  the  vertical  line,  and  in 
consequence  of  its  inertia    11  !  ^' 

will  continue  its    motion  d  ^ 

beyond  the   vertical  line  . 

until  it  comes  to  rest  ;  it  ! 

will  then    return   to   the  Fig.  68. 

vertical  line,  and  thus  oscillate  from  side  to  side. 

134.  Pendulum. — Such  a  body  constitutes  what  is  called 
a  peruiulum. 


\ 


\ 
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Let  p,  fig.  68,  be  the  point  of  suspension.  Let  p  a  represent 
the  string,  and  c  be  the  centre  of  gravity  of  the  body.  Let  the 
weight  of  the  body  be  represented  by  the  vertical  line  c  d.  Let 
this  be  taken  as  the  diagonal  of  a  parallelogram,  one  of  whose 
sides  c  H  is  in  the  direction  of  the  string,  and  the  other  c  i  at 
right  angles  to  it.  The  weight  represented  by  the  diagonal  will 
thus,  by  the  resolution  of  forces,  be  equal  to  two  forces,  one 
represented  by  c  H  and  the  other  by  c  i.  That  which  is  repre- 
sented by  c  H  expends  itself  in  pressure  on  this  point  of  suspen- 
sion ;  the  other,  represented  by  c  i,  will  cause  the  body  to  move  to- 
wards the  vertical  line  p  v,and  in  so  moving  the  centre  of  gravity 
will  describe  the  circular  arc  cg.  When  the  centre  of  gravity 
arrives  at  o,  it  will  be  in  the  vertical  line  p  v,  passing  through 
the  point  of  suspension  ;  and  if  the  body  were  at  rest,  it  would 
remain  there  ;  but  on  arriving  at  g  the  body  has  a  certain 
velocity  and  hence  momentum,  which  it  will  retain  in  virtue  of 
its  inertia,  until  deprived  of  it  by  some  external  agency.  It  will 
therefore  continue  to  move  to  the  left  of  g,  and  the  centre  of 
gravity  will  describe  the  circular  arc  G  c'.  In  ascending  this 
circular  arc  the  force  of  gravity  has  a  tendency  to  destroy  its 
velocity . 

Let  the  weight  of  the  body,  as  before,  be  represented  by  the 
the  vertical  line  c'd'  :  it  will  be  equivalent  to  the  two  forces  repre- 
sented by  c'  h'  and  c'l'.  The  force  c'  h'  is  expended  in  pressure 
upon  the  point  of  suspension,  p  ;  the  other,  c'  i',  has  a  tendency  to 
carry  the  centre  of  gravity,  c',  back  to  the  point  g,  along  the 
circular  arc  c'  G.  This  component  of  gravity,  while  the  body 
moves  from  G  to  c,  gradually  deprives  it  of  its  momentum,  and 
if  the  momentum  be  entirely  destroyed  at  the  point  c',  then  this 
same  component  of  gravity, c'l', will  cause  the  body  to  return  along 
the  circular  arc  to  the  point  G.  In  this  manner  the  body  would 
oscillate  continually  from  side  to  side  of  the  vertical  line  p  v, 
the  centre  of  gravity  describing  alternately  equal  arcs,  g  c  and 
G  o'.  But  the  resistance  of  the  air  and  other  impediments  have 
a  tendency  continually  to  diminish  the  length  of  the  arcs,  by 
which  it  departs  from  the  vertical  line,  until  at  length  the  body 
ceases  to  vibrate  and  settles  itself  in  such  a  position  that  the 
centre  of  gravity  c  will  be  quiescent  in  the  vertical  line  p  v. 

135.  Stability. — The  stability  of  a  body  resting  in  any 
position  is  estimated  by  the  magnitude  of  the  force  required  to 
disturb  and  overturn  it,  and  therefore  will  depend  on  the  posi- 
tion of  its  centre  of  gravity  with  respect  to  the  base.  If  its 
position  can  be  disturbed  or  deranged  without  raising  its  centre 
of  gravity,  then  the  slightest  force  will  be  sufficient  to  move  it ; 
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but  if  the  position  of  the  body  cannot  be  changed  without 
causing  its  centre  of  gravity  to  rise  to  a  higher  position,  then 
a  force  will  be  necessary  which  would  be  sufficient  to  raise  the 
entire  weight  of  the  body  through  the  height  to  which  its  centre 
of  gravity  must  be  elevated  ;  for,  according  to  what  has  been 
already  explained,  the  whole  weight  of  the  body  may  be  con- 
sidered concentrated  at  its  centre  of  gravity. 

Let  B  A  c,  fig,  69,  represent  a  pyramid,  the  centre  of  gravity 
of  which  is  G.  To  turn  this  over  the  edge  b,  the  centre  of 
gravity  must  be  carried  through  the  arc  G  e,  and  must  therefore 
be  raised  through  the  height  h  e.    If,  however,  the  pyramid  were 


n     c 

Fig,  69.  Fig.  70.  Fig.  71, 

taller  relative  to  its  base,  as  in^.  70,  the  height  h  e,  through 
which  the  centre  of  gravity  wotdd  have  to  be  elevated,  would 
be  proportionably  less  ;  and  if  the  base  were  still  smaller  in 
reference  to  the  height,  as  in  fi/g.  7 1 ,  the  height  h  e  would  be 
stQl  less,  and  so  small  that  a  very  slight  force  would  throw  the 
pyramid  over  the  edge  b.  It  is  evident,  from  examining  these 
diagrams,  that  the  principle  may  be  generalised,  and  that  it  may 
be  stated  that  the  stability  of  any  body  depends,  other  things 
being  the  same,  upon  the  distance  of  the  line  of  direction  of  its 
centre  of  gravity  from  the  edges  of  its  base.  The  nearer  this 
direction  is  to  one  edge  of  the  base,  the  more  easily  will  the 
body  be  turned  over  this  edge. 

136.  Xiine   of  directton. — If   the  line  of  direction  of  the 
centre  of  gravity  fall  outside  the  edge,  as  in  fi^g.  72, 
then  the  weight  of  the  body  concentrated  at  g  will 
be  unsupported,  and  the  body  will  fall  over  its  edge. 

This  will  always  take  place,  if  the  body  be  not 
attached  to  the  ground  at  its  base  ;  but  it  happens, 
in  some  cases,  that  the  body  is  so  rooted  to  the 
ground  at  its  base,  that  it  will  resist  the  tendency  of  its  weight 
to  make  it  fall,  even  though  the  line  of  direction  of  its  centre 
of  gravity  should  fall  a  little  outside  its  base.  Thus,  we  see 
trees  not  unfrequently  leaning  in  such  a  position  that  their 
centre  of  gravity  obviously  falls  outside  the  limits  of  their 
trunk.     Yet  the  trees  nevertheless  remain  standing,  the  tenacity 
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of  the  roots  and  their  hold  upon  the  soil  being  sufficient  to  resist 
the  effect  of  their  weight  acting  at  the  centre  of  gravity. 

In  the  case  of  the  celebrated  leaning  towers  of  Pisa  and 
Bologna,  although  they  are  inclined  considerably  from  the  per- 
pendicular, the  lines  of  direction  of  their  centres  of  gravity  still 
fall  within  their  bases.  The  tower  of  Pisa  is  315  feet  high ; 
and  it  is  inclined  so  that  if  a  plumb-line  hang  from  the  side 
towards  which  the  inclination  takes  place,  it  will  meet  the 
ground  at  1 2  ft.  4  in.  from  the  base.  The  tower  of  Bologna  is 
134  feet  high,  and  a  plumb-line  similarly  suspended  would  fall 
at  9  ft.  2  in.  from  the  base.  Nevertheless,  these  structures  have 
stood,  and  will  probably  stand,  as  permanently  as  if  they  were 
erected  in  the  true  perpendicular ;  for  the  line  of  direction  of 
their  centre  of  gravity  falls  sufficiently  within  the  base  to  render 
their  overthrow  impossible  by  any  common  force  to  which  they 
will  be  exposed. 

If  the  line  of  direction  of  the  centre  of  gravity,  however,  fall 
upon  the  edge,  as  in  fig.  7^y  then  the  body  will 
still  stand  ;  but  it  will  be  in  a  condition  in  which 
the  slightest  possible  force  will  turn  it  over,  as 
in  this  case  it  can  be  overturned  without  causing 
the  centre  of  gravity  to  rise. 
In  fi^s.  74,  75,  and  76  the  line  of  direction  falls  within  the 
base  ;  and  the  position  is  stable. 


Fig.  74- 


Fig.  77. 


F.g.  78. 


In  fi^,  77  it  falls  within,  and  in  fig.  78  outside  the  base. 
The  position  is  stable  in  the  former  case  ;  and  in  the  latter  the 
body  falls. 
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^  Hence  appears  the  principle  upon  which  the  stability  of 
loaded  carriages  or  waggons  depends.  When  the  load  is  placed 
at  a  considerable  elevation  above  the  wheels,  the  centre  of 
gravity  is  elevated,  and  the  carriage  becomes  proportionally 
unstable.  In  coaches  for  the  conveyance  of  passengers,  the 
luggage  is  therefore  very  unsafely  placed  when  collected  on  the 
roof,  as  is  generally  done.  It  would  be  more  secure  to  pack  the 
heavier  luggage  in  the  lower  parts  of  the  coach,  placing  light 
parcels  on  the  top,  for  in  such  a  case  the  centre  of  gravity  of  the 
loaded  vehicle  would  be  in  a  lower  position 

Drays  for  the  carriage  of  heavy  loads  are  often  constructed 
in  such  a  manner  that  the  load  can  be  placed  below  the  axle  of 
the  wheels.  If  a  waggon  or  cart,  loaded  in  such  a  manner  that 
its  centre  of  gravity  shall  be  in  an  elevated  position,  pass  over 
an  inclined  road,  so  that  the  line  of  direction  of  gravity  would 
fall  outside  the  wheels  it  would  cause  the  vehicle  to  be  over- 
turned. 

The  same  waggon  will  have  a  greater  stability  when  loaded 
with  a  heavy  substance  which  occupies  a  small  space,  such  as 
metal,than  when  it  carries  the  same  weight  of  a  lighter  substance, 
such  as  hay,  because  the  centre  of  gravity  of  the  latter  will  be 
much  more  elevated. 

If  a  large  table  be  placed  upon  a  single  leg  in  its  centre,  it 
will  be  impracticable  to  make  it  stand  firm  ;  but  if  the  pillar  on 
which  it  rests  terminate  in  a  tripod,  it 
will  have  the  same  stability  as  if  it  had  . 
three  legs  attached  to  the  points  directly 
over  the  places  where  the  feet  of  the 
tripod  rest.  , 

It  will  be  still  more  stable  if  it  be 
supported  on  three  legs  placed  further  i 

apart  as  in^.  79.  Fig.  79. 

When  a  solid  body  is  supported  by  more  points  than 
one,  it  is  not  necessary  for  its  stability  that  the  line  of  direc- 
tion should  fall  on  one  of  these  points.  If  there  be  only 
two  points  of  support,  the  line  of  direction  must  fall  between 
them.  The  body  is  in  this  case  supported  as  effectually  as 
if  it  rested  on  an  edge  coinciding  with  a  straight  line  drawn 
from  one  point  of  support  to  the  other.  If  there  be  three 
points  of  support,  which  are  not  ranged  in  the  same  straight 
line,  the  body  will  be  supported  in  the  same  manner  as  it 
would  be  by  a  base  coinciding  with  the  triangle  formed  by 
straight  lines  joining  the  three  points  of  support.  In  the  ^ame 
manner,  whatever  be  the  number  of  points  on  which  the  body 
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rests,  its  virtual  base  will  be  found  by  supposing  straight  lines 
drawn,  joining  the  several  points  of  support.  When  the  line  of 
direction  falls  within  this  base,  the  body  will  always  stand  firm  ; 

but  otherwise  not.  The 
degree  of  stability  is  deter- 
mined in  the  same  manner 
as  if  the  base  were  a  con- 
tinued surface. 

If  there  be  four  or  more 

legs,    the     table    may    be 

unstable,   even  though  the 

centre  of  gravity  fall  within 

the  base,  and  will  be  so  if 

^-  8o-  the  ends  (a,  b,  c,  d,  jig.  80) 

of  the  legs  be  not  in  the  same  plane ;  for  in  that  case  they 

cannot  all  rest  together  on  a  level  floor. 

137.  Animal  looomotlon  grovemed  by   tlie   posiUon   of 
ceBtreof  ffraTity. — All  the  attitudes,  gestures,  and  movements 
of  animals  are  governed  with  reference  to  the  centre  of  gravity 
of  their  bodies.     When  a  man  stands,  the  line  of  direction  of  his 
weight  must  fall  within  the  base  formed  by 
his  feet.     If  a  b,  c  D  {fig.  81),  be  the  feet, 
this  base  is  the  space  a  B  D  o.     It  is  evident 
that  the  more  his  toes  are  turned  outwards, 
the  more  contracted  the  base  will  become  in 
Fig.  81.  tjie  direction  e  f,  and  the  more  liable  he  will 

be  to  fall  backwards  or  forwards.  Also,  the  closer  his  feet  are 
together,  the  more  contracted  the  base  will  become  in  the  direc- 
tion G  H,  and  the  more  liable  he  will  be  to  fall  towards  either  side. 
When  a  man  walks,  the  legs  are  alternately  lifted  from  the 
ground,  and  the  centre  of  gravity  is  either  unsupported  or 
thrown  from  the  one  side  or  the  other.  The  body  is  also  thrown 
a  little  forward,  in  order  that  the  tendency,  of  the  centre  of 
gravity  to  fall  in  the  direction  of  the  toes  may  assist  the 
-muscular  action  in  propelling  the  body.  This  forward  in- 
clination of  the  body  increases  with  the  speed  of  the  motion. 

But  for  the  flexibility  of  the  knee-joints,  the  labour  of  walk- 
ing would  be  much  greater  than  it  is,  for  the  centre  of  gravity 
would  be  more  elevated  by  each  step.  The  line  of  motion  of 
the  centre  of  gravity  in  walking  is  represented  by  fi^.  82,  and 
deviates  but  little  from  a  regular  horizontal  line,  so  that  the  eleva- 
tion of  the  centre  of  gravity  is  subject  to  very  slight  variation. 

But  if  there  were  no  knee-joints,  as  when  a  man  has  wooden 
legs,  the  centre  of  gravity  would  move  as  in  fijg.  83,  so  that  at 
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each  step  the  weight  of  the  body  wotQd  be  lifted  through  a  more 
considerable  height,  and  therefore  the  labour  of  walking  would 


W 


Fig.  82. 


Fig.  83. 


be  much  increased.  If  a  man  stand  on  one  leg,  the  line  of 
direction  of  his  weight  must  fall  within  the  space  on  which  his 
foot  treads.  The  smallness  of  this  space,  compared  with  the 
height  of  the  centre  of  gravity,  accounts  for  the  difficulty  of 
maintaining  the  body  in  this  position  for  any  length  of  time. 

The  position  of  the  centre  of  gravity  of  the  body  changes 
with  the  posture  and  position  of  the  limbs.  If  the  arm  be  ex- 
tended from  one  side,  the  centre  of  gravity  is  brought  nearer  to 
that  side  than  it  was  when  the  arm  hung  perpendicidarly.  When 
dancers,  standing  on  one  leg,  extend  the  other  at  right  angles 
to  it,  they  must  incline  the  body  in  the  direction  opposite  to 
that  in  which  the  leg  is  extended,  in  order  to  bring  the  centre  of 
gravity  over  the  foot  which  supports  them. 

When  a  porter  carries  a  load,  his  position  must  be  regulated 
by  the  centre  of  gravity  of  his  body  and  the  load  taken  together. 
If,  standing  upright,  he  bore  the  load  on  his  back,  the  line  of 
direction  would  pass  beyond  his  heels,  and  he  would  fall  back- 
wards. To  bring  the  centre  of  gravity  over  his  feet,  he  accord 
ingly  leans  forward  {fig.  84).     If  a  nurse  carry  a  child  in  her 


Fig.  84. 


Fig.  85. 


arms,  she  leans  back  for  a  like  reason.  When  a  load  is  carried 
on  the  head,  the  bearer  stands  upright,  that  the  centre  of  gravity 
may  be  over  his  feet. 

In  ascending  a  hill  we  appear  to  incline  forward,  and  inr  de- 
scending to  lean  backward  ;  but,  in  truth,  we  are  standing  up- 
right with  respect  to  a  level  plane.     Tliis  is  necessary  to  keep 
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the  line  of  direction  between  the  feet,  as  is  evident  from  jiq. 

A  person  sitting  on  a  chair  cannot  rise  from  it  without  either 
stooping  forward  to  bring  the  centre  of  gravity  over  the  feet, 
or  drawing  back  the  feet  to  bring  them  under  the  centre  of  gra- 
vity. 

If  a  person  stand  with  his  side  close  against  a  wall,  his  feet 
being  close  together,  he  will  find  it  impracticable  to  raise  the  out- 
side foot  ;  for  if  he  did,  the  line  of  direction  of  the  centre  of  gra- 
vity of  his  body  would  fall  outside  the  inner  foot  and  he  would 
be  unsupported. 

When  a  quadruped  stands  with  his  four  feet  on  the  ground, 
the  centre  of  gravity  of  his  body  is  over  a  point  found  by  draw- 
ing the  two  diagonals  of  the  quadrilateral  formed  by  his  feet  ; 
that  is  to  say,  if  aline  be  drawn,  joining  his  right  fore  foot  with 
his  left  hind  foot,  and  another  joining  his  left  fore-foot  with  his 
right  hind-foot,  then  the  centre  of  gravity  of  hie  body  will  be 
very  nearly  over  the  point  where  these  lines  cross  each  other. 
Strictly  speaking,  it  will  generally  be  a  little  nearer  to  his  fore- 
feet than  this  point.  It  will,  however,  still  be  very  nearly  on 
the  centre  of  the  quadrilateral  base  formed  by  his  four  feet, 
and,  therefore,  in  a  position  to  give  complete  stability  to  the 
animal. 

When  a  quadruped  walks,  he  raises  his  right  fore  and  left 
hind  foot  (the  former  leaving  the  ground  a  little  before  the 
latter),  the  diagonal  line  joining  his  left  fore-foot  and  right 
hind-foot  supporting  his  weight.  The  centre  of  gravity  of  his 
body  is  a  little  in  advance  of  this  line,  and  his  weight,  there- 
fore, assists  his  forward  motion.  The  left  fore-foot  is  raised  a 
moment  before  the  left  hind-foot  is  brought  to  the  ground,  and, 
in  like  manner,  the  right  hind-foot  is  raised  immediately  after 
the  right  fore-foot  comes  to  the  ground.  The  effect  of  these 
motions  is,  that  the  weight  of  the  animal  is  thrown  alternately 
upon  the  two  diagonal  lines  joining  the  right  fore  and  left  hind 
foot,  and  the  left  fore  and  right  hind  foot. 

When  a  quadruped  trots,  he  also  raises  his  legs  from  the 
ground,  alternately,  by  pairs,  placed  diagonally  ;  but  in  this 
case  the  two  feet  leave  the  ground  and  return  to  it  precisely  to- 
gether, and  each  pair  springs  from  the  ground  a  moment  before 
the  other  pair  returns  to  it  ;  so  that  there  are  short  intervals  be- 
tween the  successive  returns  of  the  feet,  by  pairs,  to  the  ground, 
during  which  the  entire  body  is  unsupported.  The  weight  is, 
in  these  intervals,  projected  upwards  by  the  spring  of  the  legs, 
so  that  the  centre  of  gravity  of  the  body  describes  a  succession 
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of  arcs  concave  towards  the  ground.  It  is  this  motion  of  the 
body  which  produces  the  action  sustained  by  the  rider  of  a  horse 
in  trotting. 

When  a  quadruped  gallops,  he  raises  simultaneously  his  two 
fore-legs,  and  by  the  muscular  action  of  his  hind-legs  he  pro- 
jects his  weight  forwards.  During  the  spring  the  centre  of 
gravity  is  unsupported,  but  is  thrown  forward,  describing  a 
circular  arc  concave  towards  the  ground.  When  this  arc  has 
been  completed,  the  fore-legs  reach  the  ground,  and  immediately 
afterwards  the  hind-legs ;  and  the  centre  of  gravity  is  again 
momentarily  supported,  and  the  animal  is  in  an  attitude  to  re- 
peat the  same  action. 

138.  Different  examples  of  stability. — If  a  cylindrical 
body  of  uniform  density  be  placed  upon  a  horizontal  plane, 
AB,  fig.  86,  its  centre  of  gravity  being  . — ^ 

its  geometrical  centre,  c,  the  line  of  its  ;       q     ^^ 


direction,  c  p,  will  necessarily  meet  the     r 

plane  at  the  point  where  the  cylinder     V 


touches  it,  and  the  body  will  conse-     ^  P  B 

quently  remain  at  rest.     If  the  cylin-  Fig*  86. 

der  be  rolled  upon  the  plane,  the  centre  of  gravity  will  be 
carried  in  a  horizontal  line,  parallel  to  the  plane  represented  by 
the  dotted  line  in  the  figure.  Since,  therefore,  in  this  motion 
the  centre  of  gravity  does  not  rise,  any  force  applied  to  the 
body,  however  slight,  will  cause  it  to  move,  since  no  elevation 
of  its  weight  is  required.  But,  on  the  other  hand,  the  body 
if  left  to  itself  will  have  no  tendency  to  change  its  position, 
because  the  centre  of  gravity  is  not  only  supported,  but  because 
by  no  change  of  the  body  can  it  assume  a  lower  position. 

If  a  board  of  uniform  density  be  cut  into  the  form  of  an 
ellipse,  A  B,  fig.  87,  and  be  placed  upon  a  level  surface,  d  b,  with 
the  longer  axis,  a  b,  of  the  ellipse  parallel  to 
the  surface  d  b,  the  centre  of  gravity,  c,  will 
then  be  vertically  over  the  point  p,  at  which 
the  board  touches  the  surface,  and  the  body 
will  be  supported  at  rest.  If  the  body  be 
distiu-bed  slightly  from  this  position,  the  end  ^*  ^7* 

A  being  depressed,  and  the  end  b  elevated,  then  the  centre  of 
gravity,  c,  wiU  be  elevated  towards  the  point  o,  and  if,  on  the 
other  hand,  the  end  b  be  depressed,  and  the  end  a  elevated, 
then  the  centre  of  gravity  will  be  raised  towards  the  point 
o'.  In  either  case,  this  elevation  of  the  centre  of  gravity  will 
^'equire  the  application  of  such  a  force  as  would  be  sufficient 
w>  raise  the  body  through  that  height,  whatever  it  be,  through 
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which  the  centre  of  .gravity  has  been  elevated  ;  and  if,  after 
such  elevation,  the  body  be  disengaged,  and  left  to  the  free 
action  of  gravity,  the  centre  of  gravity  will  descend  to  the  lowest 
possible  position,  that  is  to  say,  to  the  position  represented 
in  the  figure,  and  will  oscillate  from  side  to  side  of  this  x>osition 
until  the  vibrating  motion  be  destroyed  by  the  resistance  of 
the  air  and  by  friction.  The  centre  of  gravity  will  then  rest  in 
the  position  represented  in  the  figure  ;  that  is,  at  c,  over  p. 

Let  us  now  suppose  that  the  same  board  is  placed  on  the 
horizontal  plane  d  e,  with  its  longer  axis  vertical,  as  represented 
in  fig,  88.  The  line  of  direction,  o  p,  of  the  centre 
of  gravity  will  now  pass  through  the  point  of 
support  of  the  body,  and  consequently  the  board 
will  be  supported.  But  if  in  this  case  the  body  be 
slightly  turned  from  its  position  to  the  right  or  to 
^  ^p"^  -g.  the  left,  the  centre  of  gravity  will  descend  towards 
Fig.  88.  o  or  towards  o',  and  cannot  resume  the  original 
position  at  c  until  a  force  be  applied  to  it  which  would  be  suf- 
cient  to  raise  the  weight  of  the  body  through  the  height  to 
which  the  centre  of  gravity  has  fallen.  It  is  evident,  there- 
fore, that  in  this  case,  if  the  position  of  equilibrium  c  p,  be 
distiu-bed  in  the  slightest  degree  by  inclining  the  body  a  little 
either  to  the  right  or  the  left,  the  centre  of  gravity  will  move 
downwards,  and  the  body  will  fall  until  it  take  the  position 
represented  in  fi^.  87,  with  its  long  axis  horizontal. 

139.  Stable,  unstable,  and  neutral  equilibrium. — Now, 
it  will  be  observed — ^that  in  each  of  the  three  cases  repre- 
sented in  fi^s,  86,  87,  and  88,  there  is  equilibrium  ;  but  this 
equilibrium  is  characterised  in  each  case  by  particular  con- 
ditions. 

In  the  case  represented  in  fi/g.  87  the  equilibrium  is  called 
stable y  because,  if  the  body  be  displaced  either  to  the  right  or 
to  the  left,  the  body  will  of  itself  return  to  its  former  position, 
and  settle  definitively  into  it,  after  some  oscillations,  the  centre 
of  gravity  resuming  its  position  over  the  point  P.  This  position 
of  stable  equilibrium  is  determined  by  the  condition  that  no 
change  of  position  can  take  place  in  the  body  without  causing 
an  elevation  in  the  centre  of  gravity ;  or,  what  is  the  same,  it 
is  that  position  in  which  the  centre  of  gravity  is  at  the  lowest 
point  it  is  capable  of  assuming  consistently  with  the  conditions 
under  which  the  body  is  placed. 

The  state  of  equilibrium  represented  in  fi>g.  88  is  called  utv- 
sbahle,  or  tottering  equilibriiun.  It  is  such  a  state  of  equilibrium 
that  if  the  slightest  derangement  takes  place  in  the  position  of 
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the  centre  of  gravity  it  will  not  return  to  the  same  point,  but  the 
body  will  assume  another  position,  in  which  the  centre  of  gra- 
vity will  be  in  a  state  of  stable  equilibrium  as  represented  in 

Unstable  equilibrium,  then,  is  characterized  by  the  quality 
that  the  centre  of  gravity  is  at  the  highest  point  which  it  can 
assume  compatibly  with  the  conditions  in  which  the  body  is 
placed  ;  and  although  it  is  vertically  over  the  point  of  support, 
it  is  nevertheless  in  such  a  condition  that  the  slightest  de- 
rangement will  cause  it  to  descend,  and  the  body  to  be  over- 
turned. 

The  case  represented  in  fig.  86  is  an  intermediate  condition 
between  these  two  extremes,  and  is  called  the  state  of  neutral 
equilibrium.  It  is  neither  stable  nor  unstable.  It  is  not  stable, 
because  the  slightest  force  applied  to  the  body  will  permanently 
change  its  position.  It  is  not  unstable,  because  the  body  will 
not  be  overturned  by  the  action  of  its  own  weight,  however  its 
position  may  be  changed. 

Another  case  of  neutral  equilibrium  is  shown  in^.  89. 

140.  Bzamples. — The  effects  of  a  variety  of  children's  toys 
are  explained  by  this  principle.  The  centre  of  gravity,  by  load- 
ing one  extremity  in  a  ma^nner  not  perceptible  to  the  eye,  is 


Fig.  89.  Fig.  90. 

moved  to  a  considerable  distance  from  the  centre  of  the  figure. 
The  object,  therefore,  will  only  stand  when  the  point  which  is 
the  real  centre  of  gravity  is  in  the  lowest  position. 

Thus,  a  figure  (f^.  90)  made  of  some  light  substance,  such  as 
elder  pith  or  cork,  has  a  piece  of  lead  attached  to  one  of  its  ex- 
tremities. If  it  be  placed  on  the  other  extremity,  the  end  being 
rounded,  it  will,  apparently  by  a  spontaneous  movement,  invert 
its  position,  and  a  sort  of  tumbler  will  be  formed. 

In  fi^.  9 1  a  toy  is  represented,  the  principle  of  which  will  be 
easily  understood  from  what  has  been  explained.  The  figure 
rests  steadily  on  the  toe,  because,  by  the  weights  at  the  lower 
ends  of  the  rods,  the  centre  of  gravity  is  brought  below  the 
point  of  support. 
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141.  Vamlliar  illiistratloiui« — ^Many  of  the  feats  exhibited 
by  sleight-of-hand  performers  are  explained  by  the  principles  of 
stable  and  unstable  equilibrium.  If 
any  object,  such  as  a  sword,  be  sup- 
ported on  its  point,  it  will  be  in  un- 
stable equilibrium  so  long  as  its  centre 
of  gravity  is  directly  over  the  point ; 
but  as  it  c  umot  long  be  maintained  pre- 
cisely so,  the  finger  or  other  support  of 
the  point  is  moved  slightly  in  one 
direction  or  another,  so  as  to  keep 
nearly  under  the  centre  of  gravity,  and 
thus  to  check  the  tendency  of  the  sword 
to  fall  on  the  one  side  or  on  the  other. 
But  these  and  similar  feats  are 
greatly  facilitated  if  the  object  thus 
balanced  is  made  to  spin  upon  its 
point ;  for  in  that  case  the  centre  of 
gravity,  though  not  vertically  over  the 
point  of  support,  is  continually  re- 
volving round  a  vertical  line  passing 
through  the  point  of  support,  and  the  tendency  which  it  has  at 
one  moment  to  make  the  body  fall  on  one  side  is  instantly 
counteracted  by  a  contrary  tendency  when  it  passes  to  the 
opposite  side.    ' 

It  is  in  this  manner  that  the  common  effect  of  a  spinning- 
top  is  explained.     It  would  be  stable,  if  placed  as  in  f^,  92,  but 


Fig.    91. 


Fig.  92. 


Fig.  93. 


it  would  be  quite  impracticable  to  make  it  stand  on  its  point,  as 
in^.  93,  if  it  did  not  revolve,  or  if  it  revolved  very  slowly  ; 
but  if  it  have  a  very  rapid  motion  of  gyration,  then  it  will  stand 
steadily  on  its  point. 

It  may  be  asked  how  the  rapidity  of  the  gyration  affects  the 
question.  This  is  easily  explained.  If  the  centre  of  gravity 
revolve  round  the  line  so  slowly  that  the  time  taken  in  half  a 
revolution  is  so  considerable  as  to  allow  it  to  fall  to  any  consider- 
able depth,  then  it  cannot  recover  itself  when  it  passes  to  the 
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other  side ;  but  if  the  revolution  be  so  rapid  that  half  the  time 
of  one  gyration  is  so  small  that  the  centre  of  gravity  cannot 
fall  through  any  sensible  height^  the  top  will  maintain  its 
position. 

Public  exhibitors  place  a  circular  plate  on  the  point  of  a 
sword,  the  point  being  placed  as  near  the  centre  of  the  plate  as 
possible.  But,  however  near  the  centre  it  may  be  placed,  it  is 
not  easily  possible  to  ensure  its  coincidence  with  the  centre  of 
gravity  of  the  plate.  If  in  this  case  the  plate  were  at  rest  on 
the  point  of  the  sword,  it  would  not  be  balanced,  but  would  in- 
cline and  fall  on  that  side  at  which  the  centre  of  gravity  would 
lie.  The  exhibitor,  therefore,  prevents  this  effect,  by  giving  to 
the  plate  a  rapid  rotation  on  the  point  of  the  sword.  The  centre 
of  gravity  of  the  plate  rapidly  moves  in  a  small  circle  round 
the  point  of  support,  and  its  tendency  at  one  moment  to  fall 
down  at  one  side  is  checked  the  next  moment  by  a  contrary  ten- 
dency to  fall  down  at  the  other  side,  and  the  plate  accordingly 
remains  balanced  on  the  point. 

In  some  cases  the  ceutqB  of  gravity  of  a  body  apparently 
ascends  ;  but  this  is  always  deceptive,  and  its  real  motion  is 
invariably  a  descending  one.  Let  a  cylinder  of 
wood,  A  B,  fi^,  94,  be  pierced  by  a  hole,  O,  near 
its  surface  b,  and  let  a  cylinder  of  lead  be 
inserted  in  this  hole.  The  centre  of  gravity  of 
the  mass  will  then  be,  not  at  the  centre  of  the 
figure,  but  between  that  point  and  the  centre 
of  the  cylinder  of  lead  which  fills  the  hole  0, 
and  will  not  be  far  removed  from  the  centre 
of  the  lead,  in  consequence  of  the  great  comparative  weight 
of  that  substance. 

If  such  a  cylinder  as  this  be  placed  upon  the  foot  of  an  in- 


Fig.  95. 


clined  plane,  m  n,  fi^.  95,  in  such  a  position  that  the  line  of 
direction,  o  b,  of  the  centre  of  gravity  shaU  fall  above  the  point 
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of  contact,  p,  of  the  cylinder  with  the  plane,  the  cylinder  will 
roll  up  the  plane,  because  its  weight,  concentrated  at  the  centre 
of  gravity,  o,  acting  downwards  in  the  line  o  b,  will  have  a  ten- 
dency to  descend,  towards  the  plane,  and  will  so  descend,  causing 
the  body  to  roll  towards  N  ;  and  it  will  continue  to  descend  until 
the  cylinder  take  such  a  position  that  the  line  of  direction  of  the 
centre  of  gravity,  o  b,  shall  pass  through  the  point  of  contact 
of  the  cylinder  with  the  plane. 

In  these  and  similar  cases,  although  the  general  mass  of  the 
body  rises,  the  particular  part  occupied  by  its  centre  of  gravity 
falls  ;  that  point  is,  in  effect,  simultaneously  affected  by  two 
motions,  one  produced  by  the  progressive  motion  of  the  cylinder 
up  the  plane  from  m  to  n,  and  the  other  by  the  motion  of  re- 
volution of  the  cylinder  round  its  centre,  c.  In  virtue  of  the 
former,  the  centre  of  gravity  would  rise  :  and  in  virtue  of  the 
latter,  it  would  fall.  The  effect  of  the  latter  predominates  until 
tlie  centre  of  gravity  comes  into  the  vertical  line,  passing  through 
the  point  of  contact  of  the  cylinder  with  the  plane. 

A  case  of  the  ascent  of  the  centre  of  gravity  is  sometimes 
produced  by  public  exhibitors,  the  explanation  of  which  may 
here  be  found  instructive.  The  exhibitor  places  a  sphere  of 
wood  upon  an  inclined  plane,  and  standing  upon  it,  he  places 
his  feet  on  that  side  of  the  centre  which  is  towards  the  elevation 
of  the  plane.  Immediately  the  globe  begins  to  roll  up  the 
plane,  and  the  exliibitor,  by  moving  his  feet  so  as  to  keep  them 
near  the  highest  point  of  the  globe,  but  still  on  the  side  next 
the  elevation  of  the  plane,  the  globe  continues  to  roll  up  the 
plane,  the  exhibitor  dexterously  maintaining  his  position  as  here 
described. 

In  this  case  there  is  a  real  ascent  of  the  common  centre  of 
gravity  of  the  globe  and  the  body  of  the  exhibitor.  Now  the 
(piestion  is,  What  force  in  this  case  produces  this  ascent  ?  for  it 
is  evident  that  in  the  time  during  which  it  rolls  to  the  top  of 
the  plane,  the  entire  weight  of  the  globe  and  the  body  of  the 
exliibitor  has  been  elevated  through  a  perpendicular  space  equal 
to  the  height  of  the  plane. 

The  force  which  accomplishes  this  is  the  muscular  action 
(►f  the  feet  of  the  exhibitor  upon  the  surface  of  the  globe. 
As  the  globe  rolls  up  the  plane,  if  the  feet  of  the  exhibitor 
l)ressed  upon  the  same  point  of  its  surface,  they  would  descend  ; 
and  in  that  case  the  coram(3n  centre  of  gravity  of  the  globe  and 
the  body  of  the  exhibitor,  instead  of  ascending,  would  in  fact 
descend,  until  the  feet  of  the  exhibitor  Would  sink  down  to  the 
surface  of  the  plane  ;  but  this  is  prevented  by  the  feet   of  the 
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exhibitor  continually  stepping  backwards  upon  the  surface  of  the 
globe,  so  as  to  stand  near  the  top  ;  and  thus,  by  moving  his  feet 
on  the  globe  backwards  continually  towards  the  top  of  it,  the 
exhibitor  elevates  the  centre  of  gravity  of  his  body,  while  the 
action  of  his  feet  upon  the  globe,  causing  it  to  roll  up  the  plane, 
at  the  same  time  raises  the  centre  of  gravity  of  the  globe. 

142.  Mafflo  Clock. — Time-pieces,  thus  called,  with  a  trans- 
parent glass  dial  and  without  any  apparent  works,  often  excite 
the  wonder  of  the  curious.  The  principle 
of  their  motion  depends  on  the  tendency  of 
the  centre  of  gravity  to  take  the  lowest 
possible  position.  In  the  centre  of  the 
dial  is  a  small  circular  gilt  plate  of  metal, 
which  ^conceals  a  very  short  arm,  a,  of  the 
hand  A  c  b,  fig.  96.  This  short  arm  carries 
a  hollow  ring,  in  the  interior  of  which  a 
small  weight  is  moved  by  clockwork  through 
the  intervention  of  an  arbor  which  passes 
through  the  centre  of  the  dial,  the  works 
which  turn  the  rod  being  at  a  distance  .  ^^^'  ^^ 
behind  the  dial,  so  as  not  to  be  visible  through  it.  This 
weight  A,  is  thus  made  to  move  uniformly  round  the  ring,  and 
to  change  continually  the  position  of  the  centre  of  gravity  of 
the  hand,  so  as  to  make  it  describe  uniformly  round  the  centre 
of  the  dial  the  small  dotted  circle  ~c  o  in  twelve  hours,  so  that 
the  successive  hours  are  indicated  by  its  extremity  b.  The  ring 
and  weight  A  being  concealed,  the  hand  seems  to  move  without 
any  apparent  cause  of  propulsion  ;  and  what  adds  to  the  illusion 
is,  that  the  hand  can  be  freely  turned  by  applying  the  finger  to 
it,  but  when  left  to  itself  it  always  returns  to  the  point  from 
which  it  was  turned,  so  as  still  to  indicate  the  time,  and  to  be 
incapable  of  being  set  to  a  wrong  hour. 

1 43.  Centre  of  gravity  of  fluids.  — In  all  that  we  have  stated 
respecting  the  centre  of  gravity,  we  have  supposed  the  body  to 
be  solid  ;  but  this  quality  also  plays  an  important  part  in  the 
phenomena  of  fluids.  The  centre  of  gravity  of  a  fluid  mass  is 
determined  by  the  same  conditions  as  if  it  were  solid.  It  is 
that  point  which  would  have  the  properties  already  defined,  if 
the  fluid  mass  were  supposed  to  be  congealed. 

Thus  the  centre  of  gravity  of  the  water  forming  a  lake  is  that 
point  which  woyld  have  the  properties  already  explained,  if  the 
water  of  the  lake  were  converted  into  a  mass  of  ice.  It  will 
appear  hereafter,  however,  to  possess,  in  reference  to  fluid 
bodies,  many  important  characters. 
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144.  Centre  of  gravity  of  two  bodies. — The  centre  of 
gravity  of  two  separate  and  independent  bodies  is  that  point 
between  them  which  would  possess  the  characters  abeady  de- 
fined, if  the  two  bodies  were  united  by  a  straight  rod  which  is 
itself  devoid  of  weight.  This  point  may  be  determiaed  by  a 
very  simple  mathematical  process.  Let  the  centres  of  gravity 
of  the  two  bodies  in  question  be  conceived  to  be  connected  by  a 
straight  line,  and  let  a  point  be  found  upon  this  straight  line 
which  shall  divide  it  into  two  parts,  which  shall  be  in  the  inverse 
proportion  of  the  weights  of  the  two  bodies.  Then  this  point 
will  be  their  common  centre  of  gravity. 

Thus  let  A  and  b,  fig.  97,  be  the  two  bodies,  and  let  a,  6,  be 
their  centres  of  gravity.     Draw  the  line  a  h,  and  take  upon  it 

a  point  c,  so  that  b  c  shall 
B^  bear  to  a  c  the  same  propor- 

«         - - ^  tion  as  the  weight  of  a  bears 

^  to  the  weight  of  b.     In  this 

^^^-  97-  case,  c  will  be  the  centre  of 

gravity  of  the  two  bodies.  Now  if  the  line  a  h  were  a  rigid  rod 
devoid  of  weight,  the  point  c  would  have  all  the  properties 
which  have  been  already  explained  as  belonging  to  the  centre 
of  gravity  ;  thus,  the  bodies  would  balance  themselves  on  c  in 
any  position. 


CHAPTER  XI. 

CENTRAL     FORCES. 

145.  Motion  round  a  centre. — If  a  baU  of  metal  or  other 
heavy  substance,  placed  upon  a  smooth  and  level  surface,  be 
attached  to  the  extremity  of  a  string,  the  other  extremity  of 
which  is  fastened  to  a  fixed  point  upon  the  surface,  and  then 
whirled  round  in  a  circle,  it  is  known,  by  universal  and  con- 
stant experience,  that  the  string  will  be  stretched  with  a  certain 
force,  which  will  be  augmented  as  the  velocity  of  the  whirling 
motion  is  increased,  or  as  the  string  is  lengthened.  That  in 
this  experiment  the  action  of  gravity  has  no  influence  whatever 
on  the  tension  of  the  string  is  evident,  inasmuch  as  the  level 
surface  upon  which  the  body  moves  supports  its  weight. 

1  j6^   Cftntrai   far««. — Th«   force  which  alwa^  s   acts    upon 
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matter  that  is  moved  round  a  centre,  in  what  manner  and  under 
what  form  soever  the  motion  be  produced,  has  formerly  been 
called  centrifugal  force  y  because  it  is  manifested  by  a  tendency 
of  the  matter  which  revolves  to  recede  from  the  centre  of  revo- 
lution ;  this  tendency  in  the  case  just  mentioned  being  mani- 
fested by  the  force  with  which  the  string  connecting  the  body 
with  the  fixed  point  is  stretched.  This  tension  resists  the 
tendency  of  the  ball  to  fly  from  the  centre,  and  is  therefore  the 
measure  of  its  centrifugal  force,  just  as  the  reaction  to  a  force 
may  be  used  as  a  measure  of  its  action. 

.  That  centrifugal  force  is  a  mere  effect  of  reaction,  may 
be  easily  shown.  It  has  been  already  explained,  that,  in 
virtue  of  its  inertia,  a  body,  if  in  motion,  can  only  move 
uniformly  in  a  straight  line.  If,  therefore,  it  be  deflected  from 
one  straight  line  into  another  straight  line,  it  must  be  by  the 
action  of  some  force  impressed  upon  it  at  the  moment  of  deflec- 
tion ;  and  if  a  body  be  continually  deflected  from  a  straight 
direction,  which  it  must  be  if  it  move  in  a  curve,  then  such 
body  must  be  under  the  operation  of  a  force  continually  acting 
upon  it,  producing  such  incessant  change  of  direction  by  con- 
tinually acting  towards  a  centre.  Hence  the  name  of  central 
forces  has  been  given  to  forces  acting  in  this  manner. 

Let  p,  fig.  98,  be  the  fixed  point  to  which  the  string  is 
attached.  Let  A  be  the  ball,  and  let  a  c  f  be  the  circle  in  which 
the  ball  is  whirled  round.  Let  a  c  be 
a  small  arc  of  this  circle  moved  over 
in  a  given  interval  of  time.  Starting 
from  A,  the  motion  of  the  ball  has 
the  direction  of  the  tangent  a  d  to 
the  circle,  and  it  would  move  from  I 
A  to  D  in  the  given  interval  of  time,  if  1 
it  were  not  deflected  from  the  recti- ' 
linear  course ;  but  it  is  deflected  into 
the  diagonal  a  c,  and  this  diagonal, 
by  the  composition  of  forces,  is  equiva- 
lent to  two  forces  represented  by  the 
sides  A  D,  A  B.  But  the  motion  a  d 
is  that  which  the  body  would  have  in  virtue  of "  its  ineitia  : 
and  therefore  the  force  a  b,  directed  towards  the  fixed  point 
p,  is  that  which  is  impressed  upon  it  by  the',  tension  of  the 
string,  and  which,  combined  with  the  motion  a  i),  causes  it  to 
moye  in  the  diagonal  A  c. 

The  tension  of  the  string,  therefore,  is  in  fact  a  force  di- 
rected to  the  centre,  p,  which  continually  deflects  the  body  from 
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the  tangent  to  the  circle  in  which  it  has  a  constant  tendency  to 
move  in  virtue  of  its  inertia.  ^ 

147.  Calcnlation  of  effects  of  central  force. — It  follows 
from  the  elementary  principles  of  geometry,  that  the  space  a  b, 
which  is  that  which  represents  the  force  of  the  string  upon  the 
ball,  or  the  central  force,  and  which  is  in  fact  the  space  through 
which  the  body  is  moved  in  a  given  small  interval  of  time  by 
the  tension  of  the  string  which  measures  the  central  force,  is 
found  by  dividing  the  square  of  the  number  representing  a  c 
by  the  number  representing  the  diameter  a  f  of  the  circle,  or 
twice  the  length  of  the  string  a  p.  But  a  c,  being  the  space 
described  in  a  given  time  by  the  revolving  body,  is  its  velocity. 
If  we  would  then  compare  the  central  force  of  the  body  with 
its  weight,  we  have  only  to  compare  the  space  which  the  body 
would  be  moved  tlirough  by  the  central  force  acting  alone  upon 
it,  with  the  space  which  gravity  would  move  the  same  body 
through  acting  equally  alone  upon  it. 

Let  us  then  express  the  physical  quantities  involved  in  this 
(question  as  follows  : 

w  =  the  weight  of  the  revolving  body. 

c  =  the  central  force. 

V  =  its  velocity  in  feet  per  second. 

B  =  length  of  string  in  feet. 
^^=i6j^  feet,  being  the  height  through  which  w  would 
fall  freely  in  one  second. 

We  shall  have  then  the  following  proportion  : 

w  :  c  :  :  A^  :  —  ; 
^^     2R  ' 

and  therefore  we  have 

c  =  wx ; 

RXy 

This  formula,  expressed  in  ordinary  language,  is  as  follows  : 

The  central  force  actitig  on  a  body  revolving  in  a  circle  is  found 

hif  mnltiplyi^ig  its  weight  hytlie  square  of  the  number  of  feet  which 

it  moves  through  in  a  second,  and  dividing  the  product  by  the 

number  of  feet  in  the  radius  of  the  circle  it  described^  muUipli^d 

But  it  is  more  convenient  in  practice  to  express  the  central 
force  acting  on  a  revolving  body  by  reference  to  the  number  of 
revolutions  it  performs  in  a  given  time.  Let  us  therefore 
express  by  n  the  number  of  revolutions,  or  fraction  of  a  revo- 
lution, performed  by  the  body  in  one  second.  The  circumference 
of  the  circle  which  it  describes,  the  length  of  the  string  being  P, 
will  be  6-2832  R. 
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If,  then,  this  be  multiplied  by  if ,  we  shall  obtain  the  space 
through  which  the  body  moves  in  one  second,  or  its  velocity  ; 
and  since  the  square  of  6*2832  is  39*4786,  we  shall  have 

v'*- 39-4786  r«xn'; 
and  therefore  we  shall  have  the  central  force  expressed  by 

0=1*2273  W  XRX  N^. 

In  this  formula  it  must  be  understood,  however,  that  the 
length  of  the  string  must  be  expressed  in  feet  or  fractions  of  a 
foot,  and  that  n  must  express  the  number  of  revolutions,  or 
fraction  of  a  revolution,  made  by  the  body  in  one  second. 

This  formula,  expressed  in  ordinary  language,  is  as  fol- 
lows : 

To  fiiid  the  central  force  acting  on  a  revolving  body,  multiply  its 
weight  by  the  number  1  '2273.  Multiply  this  prod/uct  by  the  nuwr- 
ber  of  feet  in  its  distance  from  the  centre  roxind  which  it  turns,  and 
finally  multiply  this  product  by  the  square  of  the  number  of  revo- 
lutions, or  fraction  of  a  revolution,  which  it  makes  round  that 
centre  in  one  second  of  time. 

148.  Sxample. — Let  it  be  required  to  find  with  what  force  a 
body  weighing  2lbs.  would  stretch  a  string  3  feet  long,  revolving 
four  times  per  second.  Multiply  2  lbs.  by  i  '2273,  and  we  obtain 
2  '4546  lbs.  ;  multiplying  this  by  3,  the  number  of  feet  in  the 
length  of  the  string,  we  obtain  7  '3638.  In  fine,  multiply  this  by 
16,  which  is  the  square  of  4,  the  number  of  revolutions  per 
second,  and  we  have  117*8208.  So  that  the  central  force  with 
which  the  string  is  stretched  would  be  117/5  lbs.  ^®^  nearly. 

From  the  preceding  conclusions  it  follows,  that  if  two  bodies 
-  of  equal  weights  be  whirled  round  their  centres  by  strings 
or  rods  of  the  same  length,  the  central  forces  acting  upon 
them  will  be  in  proportion  to  the  squares  of  the  number  of 
revolutions  which  they  perform  in  a  given  time.  Thus,  if  one 
of  them  make  thre^  revolutions  while  the  other  makes  two, 
the  central  force  acting  on  the  former  will  be  to  that  acting  on 
the  latter  as  9  to  4. 

Again,  if  two  bodies  of  equal  weight  are  attached  to  centres 
by  strings  of  different  lengths,  but  perform  the  same  number  of 
revolutions  in  a  given  time,  the  central  forces  will  be  in  pro- 
portion to  the  lengths  of  the  strings.  Thus,  if  one  be  attached 
by  a  string  of  two  feet,  and  the  other  by  a  string,  of  three  feet, 
the  central  force  of  the  former  will  be  to  that  acting  on  the 
latter  as  2  to  3. 

In  general,  if  two  bodies  of  equal  weight  be  at  different  dis- 
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tances  from  the  centres  round  which  they  revolve,  and  also  make 
a  different  number  of  revolutions  in  the  same  time,  then  the 
central  forces  acting  on  them  will  be  as  the  products  found  by 
multiplying  their  distance  from  the  centre  by  the  squares  of  the 
number  of  revolutions  which  they  make  in  the  same  time. 

149.  vniirllngr-table. — These  conclusions  may  be  experi- 
mentally verified  by  an  apparatus  called  a  whirling-table, 
usually  found  in  collections  of  physical  apparatus. 

A  part  of  this  instrument  is  represented  in^-^r.  99,  where  c 
is  a  metallic  bar,  having  two  upright  pieces  /  /  at  its  ends,  in 

which  a  polished  metal  rod  is 
rj:£^  ^  fixed  parallel  to  c.   On  this  rod 


a  ball  g  slides,  being  perforated 
y  by  a  hole  corresponding  to  the 
rod.  At  the  centre  c  is  a  verti- 
cal  framework,  which  contains 
^^^'  ^9*  a  number     of    thin    circular 

weights  h  placed  one  above  the  other,  and  supported  on  a 
sliding  stage,  which  is  capable  of  rising  and  falling.  At  the 
centre  of  the  top  of  this  stage,  carrying  the  weights,  is  a 
hook,  to  which  two  strings  are  attached,  which  are  carried  over 
grooves  in  the  pulley  k,  and  then  pass  over  corresponding 
grooves  in  the  lower  pulley  1%  from  which  they  are  carried 
to  the  ball  g  to  which  they  are  attached.  Now  if  the  ball 
g  be  drawn  along  the  rod  of  f  f  towards  /  with  sufficient 
force,  the  weights  h  will  be  raised,  and  the  force  necessary  to 
effect  this  may  be  increased  or  diminished  by  varying  the  number 
of  weights  at  h.  This  apparatus  has  a  square  hole  at  the  centre 
of  its  lower  part  c,  by  which  it  can  be  attached  to  a  spindle,  by 
which  a  regulated  revolution  can  be  imparted  to  it.  The  appa- 
ratus is  provided  with  two  such  spindles,  so  that  two  instru- 
ments, like  that  represented  in  Jig.  99,  can  be  fixed  upon  the 
table  and  put  in  rotation  with  any  required  velocities,  the  num- 
ber of  revolutions  which  they  make  in  a  given  time  having  any 
desired  ratio  to  each  other.  By  this  apparatus,  the  central 
force  which  acts  on  the  ball  g  can  always  be  estimated  by  the 
weight  which  such  central  force  is  capable  of  raising  at  h.  A 
rotatory  motion  is  given  to  c,  such  that  the  central  force  of  g  is 
just  sufficient  to  lift  the  weights  h,  but  not  to  carry  them  to  the 
top  of  the  frame.  When  this  takes  place  the  central  force  of  g 
will  be  equal  to  the  weight. 

A  variety  of  conditions  affecting  revolving  bodies  can  be  ex- 
amined and  determined  by  this  apparatus.  By  varying  the  dis- 
tance of  the  weights  from  the  centres  round  which  they  revolve, 
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the  central  forces  in  circles  with  different  radii  can  be  deter- 
mined ;  and  by  varying  the  velocities  of  rotation,  the  effects  of 
different  angular  motions,  or  of  a  different  number  of  revolutions 
in  a  given  time,  can  be  ascertained.  By  this  apparatus,  there- 
fore, the  general  principles  which  have  been  already  established 
respecting,  central  force,  if  the  motion  is  in  a  circle,  can  be 
verified. , 

Thus  we  can  show  : 

1st.  That  when  equal  weights  are  at  equal  distances  from  the 
centres  of  revolution,  the  central  forces  will  be  proportional 
to  tke  squares  of  the  numbers  of  revolutions  which  they  make 
in  a  given  time. 

2nd.  When  they  revolve  in  the  same  time,  then  the  central 
forces  will  be  in  the  direct  ratio  of  their  distances  from  the 
centre. 

3rd.  When  they  are  at  different  distances  from  the  centre, 
and  revolve  in  different  times,  then  the  central  forces  will  be 
in  the  ratio  of  the  products  found  by  multiplying  their  distances 
from  the  centre  by  the  squares  of  the  ninnbers  of  revolutions 
wliich  they  make  in  a  given  time. 

4th.  But  if  the  weights  be  unequal,  then  let  the  proportion 
of  the  central  forces  which  would  act  upon  them  if  they  were 
equal  be  first  found,  and  let  the  numbeis  expressing  them  be 
multiplied  by  the  numbers  expressing  the  weights  ;  the  product 
will  then  express  the  proportion  of  the  central  forces. 

These  propositions  involve  the  whole  theory  of  a  central 
force  acting  on  a  body  moving  in  a  circle. 

150.  BKotloii  of  bodies  revoIvlngT  round  common  centre 
of  gravity. — If  two  bodies  revolve  round  a  common  centre  in 
the  same  time,  but  at  different  distances  from  it,  the  central 
forces  acting  upon  them  would  be  in  the  proportion  of  these  dis- 
tances if  the  weights  of  the  bodies  were  equal,  the  body  at  the 
greater  distance  being'  acted  on  by  a  greater  proportional  central 
force.  But  if  the  body  at  the  lesser  distance  be  increased  in 
weight,  so  as  to  exceed  the  other  in  the  same  ratio  as  the  distance 
of  the  other  from  the  centre  of  rotation  is  greater,  then  the 
central  forces  will  be  equal ;  for  what  the  central  force  acting 
on  the  lesser  gains  by  distance,  that  of  the  greater  gains  by 
weight.  Thus,  if  one  of  the  bodies  weigh  three  ounces,  and  the 
other  five  ounces,  and  if,  further,  the  latter  be  at  three  inches 
from  the  centre,  the  other  being  at  five  inches  from  it,  they 
will  be  acted  on  by  the  same  central  force,  provided  they  revolve 
in  the  same  time.  This,  which  is  an  important  proposition, 
may  be  experimentally  proved  by  the  whirling-table. 
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Let  A  and  b,  fig.  loo,  be  two  bodies  connected  by  a.  wire, 

and  let  a  point,  c,  be  taken  upon 

"J~ O  this  wire,   in   such  a  position 

A  B     that  B  G  shall  bear  to  A  c  the 

Fig.  loo.  same  proportion  as  the  weight 

of  A  bears  to  the  weight  of  b  ;  then  let  the  wire  be  attached  to 
the  spindle  of  the  whirling-table  at  c,  so  that  the  balls  shall 
be  made  to  whirl  round  c.  It  will  be  found  that  the  wire  will 
maintain  its  position^  although  free  to  move  in  the  direction  of 
its  own  length ;  showing  that  the  central  force  acting  on  the 
greater  ball,  a,  along  the  wire  in  the  direction  c  a,  is  equfQ  to 
the  central  force  acting  on  the  lesser  ball,  b,  along  the  wire  in 
the  direction  c  b.  The  force  acting  on  the  lesser  ball,  b,  there- 
fore, gains  as  much  by  its  greater  radius,  B  c,  as  the  greater,  a, 
gains  by  its  superior  weight. 

The  point  c,  which  divides  the  distance  between  the  balls  in 
the  inverse  ratio  of  their  weights,  is,  as  has  already  been  shown, 
their  common  centre  of  gravity  ;  and  it  therefore  follows  that  if 
two  bodies  revolve  round  their  common  centre  of  gravity  in  the 
same  time,  they  will  be  acted  on  by  equal  central  forces. 

The  same  important  principle  may  be  illustrated  experiment- 


Fig.  lOI. 

ally  by  the  apparatus  shown  in  fi/g.  loi,  which  will  be  readily 
understood  on  inspection.  The  ball  d  is  fixed,  tehile  b,  sliding 
on  the  wire,  re-acts  on  the  spiral  spring,  c  B.  The  central 
•force  causes  b  to  compress  the  spring  until  it  retires  to  such  a 
distance  from  D  that  the  centre  of  gravity  coincides  with  that  of 
rotation. 
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1 51*  Examples. — Examples  are  presented  of  the  eifects  of 
central  force  in  almost  all  the  motions  which  fall  within  our 
daily  observation. 

A  horseman,  or  a  pedestrian  passing  round  a  comer,  moves 
in  a  curve,  and  consequently  is  under  the  action  of  a  central 
force  directed  towards  the  centre  of  the  curve,  which  increases 
with  his  velocity,  and  which  impresses  on  his  body  a  reaction 
directed  from  the  corner.  He  resists  this  latter  force  by  inclining 
his  body  towards  the  comer.  An  animal  made  to  move  in  a 
ring,  as  is  customary  in  training  horses,  inclines  his  body 
towards  the  centre  of  the  ring. 

In  all  the  equestrian  feats  exhibited  in  the  circus,  it  will  be 
observed,  that  not  only  the  horse,  but  the  rider,  inclines  his 
body  towards  the  centre,  fig,  102,  and  according  as  the  speed  of 


Fig,  102. 

the  horse  round  the  ring  is  increased,  this  inclination  becomes 
more  considerable.  When  the  horse  walks  slowly  round  a 
large  ring,  the  inclination  of  his  body  is  imperceptible  ;  if  he 
trot,  there  is  a  visible  inclination  inwards  ;  if  he  gallop,  he 
inclines  still  more  ;  and  when  urged  to  full  speed,  almost  lies 
down  upon  his  side,  his  feet  acting  against  theypjulJicioft'Kluch 
separates  the  circus  from  the  adjacent  parts  of  uhe  theatre. 

In  all  these  cases,  the  facts  are  explained  by/ considering  that 
the  central  force  and  the  weight  of  the  horse /are  compounded 
together,  and  form  a  resultant  which  is  detected  upon  the 
ground,  and  is  represented  by  the  pressure  of/  the  horse's  feet. 

The  actual  amount  of  the  central  force^  and  the  propor- 
tion which  it  bears  to  the  weight  of  the  ani^nal  or  other  body 
which  is  moved  in  the  circle,  can  be  detesmiified  by  the  principles 
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already  explained,  if  the  radius  of  the  circle  and  the  velocity  of 
the  body  moving  in  it  are  known  ;  and  from  these  may  be  cal- 
culated the  inclination  which  the  body  of  the  animal  must 
assume  in  order  to  be  whirled  round  the  circle  without  falling 
outwards  by  the  effect  of  the  reaction  due  to  the  central  force. 

Let  c  {fig.  103)  be  the  centre  of  the  ring  round  which  thet 
animal  moves.  Let  c  f  be  its  radius,  F  being  therefore  the 
point  at  which  the  feet  of  the  animal  would  act.  Take  the  Une 
F  A,  perpendicular  to  F  c,  and  consisting  of  as  many  inches  as 
there  are  pounds  weight  in  the  animal.  Take  a  b  parallel  to 
,^.      ,^  F   c,    consisting  of  as  many 

inches   as   there  are  pounds 
/     /  i  weight  in  the  central  force. 

Then  f  b  will  represent  the 
inclination  which  the  animal 
must  assume  in  order  to  pre- 
vent it  from  falling  either 
outwards  or  inwards.  A 
less  inclination  than  this 
would  cause  him  to  fall  out- 


//^ 


V  n     ]>      1) 

Fig.  103. 

wards,  and  a  greater  inwards. 

To  demonstrate  this,  let  the  weight  be  conceived  as  acting  at 
B,  and  to  be  represented  by  b  d,  which  is  equal  to  a  F  ;  the 
reaction  due  to  the  central  force  is  represented  by  b  a,  and 
these  two  forces  combined  will  produce  a  resultant  represented 
by  the  diagonal  b  f.  If  the  body  of  the  animal  be  inclined 
according  to  this  line  b  f,  then  the  resultant  will  press  upon  its 
feet  ;  but  if  it  inclined  at  a  less  angle,  the  resultant  will  cause 
it  to  fall  outwards  ;  and  if  at  a  greater^angle,  it  would  cause  it  to 
fall  inwards. 

If  the  central  force  be  increased,  as  will  be  the  case  if  the 
animal  mosses  with  increased  speed,  then  it  would  be  repre- 
.sented  by  a  b'  ;  and  the  resultant  of  it,  and  of  the  weight, 
would  bo  represented  by  b'  f.  Again,  if  the  central  force  be 
further  increased,  and  represented  by  a  b'^,  the  weight  being 
represented  by  b'^  d'^,  the  resultant  of  these  will  be  represented 
by  b"  f,  which  line  must  be  the  inclination  of  the  body  of 
the  animal.  It  is  clear,  then,  that  an  increase  of  the  central 
force,  which  arises  from  increased  speed,  will  cause  the  body  of 
the  animal  to  incline  more  and  more  towards  the  centre  of  the 
circle. 

For  example,  if  a  horse  move  in  a  ring  of  60  feetdiamete  r, 
AAith  a  speed  of  15  feet  per  sect)nd,  the  ratio  of  the  central 
force  to  his  weight  will  be  that  of  the  square  of  15,  or  225,  to 


Digitized 


by  Google 


CENTRAL  FORCES. 


155 


.60x32 J,  whitb  is  equal  to  1,930;  the  ratio,  therefore,  of  the 
central  force  to  the  weight  is  i  to  8^  very  nearly.  We 
shall  therefore  find  the  inclination  corresponding  to  this,  by 
taking  a  f  (fig.  103)  equal  to  8 J  inches,  and  a  b  equal  to  i  inch  : 
the  line  f  b  would  represent  the  inclination  of  the  horse. 

A  carriage,  not  having  voluntary  motion,  cannot  make  this 
compensation  for  the  disturbing  force  which  is  called  into  exist- 
ence by  the  gradual  change  of  direction  of  the  motion  in  turning 
a  comer  ;  consequeiltly  it  will,  under  certain  circumstances,  be 
overturned,  falling,  of  course,  outwards,  or  from  the  corner.  If 
A  B  be  the  carriage,  and  c  (fig.  104)  the  place  at  which  the  weight 
is  principally  collected^  this  point  c  will  be  under  the  influence 
of  two  forces ;  the  weight,  which  may  be  represented  by  the 
perpendicular  c  D ;  and  the  central  force,  which  will  be  re- 
presented by  a  line  c  f,  which  shall  have  the  same  proportion  to 
c  D  as  the  central  force  has  to  the  weight.      Now,  the  com- 


Fig.  106. 

bined  effect  of  these  two  forces  will  be  the  same  as  the  effect  of 
a  single  force  represented  by  c  g.  Thus,  the  pressure  of  the 
carriage  on  the  road  is  brought  nearer  to  the  outer  wheel  b.  If 
the  centrifugal  force  bear  the  same  proportion  to  the  weight  as 
G  F  (or  D  b),  fi^.  105,  bears  to  c  d,  the  whole  pressure  is  thrown 
upon  the  wheel  b. 

If  the  central  force  have  to  the  weight  a  greater  propor- 
tion than  D  B  has  to  c  D,  then  the  line  c  f,  which  represents  it 
(fi^.  106),  will  be  greater  than  d  b.  The  diagonal  c  g,  which 
represents  the  combined  effects  of  the  weight  and  central  force, 
will,  in  this  case,  pass  outside  the  wheel  b,  and  therefore 
this  resultant  will  be  unresisted.  To  perceive  how  far  it  will 
tend  to  overthrow  the  carriage,  let  the  force  c  g  be  resolved 
into  two  ;  one  in  the  direction  of  c  B,  and  the  other,  c  k, 
perpendicular  to  c  b.  The  former,  c  b,  will  be  resisted  by  the 
road  ;  but  the  latter  c  K,  will  tend  to  lift  the  carriage  over  the 
external  wheel.     If  the  velocity  and  the  curvature  of  thia  course 
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be  <x)ntinued  for  a  sufficient  time  to  enable  thi^  force  c  k  to 
elevate  the  weights  so  that  the  line  of  direction  shall  fall  on  B, 
the  carriage  will  be  overthrown. 

It  is  evident, from  what  has  been  now  stated,  that  the  chances 
of  overthrow,  under  these  circumstances,  depend  on  the  propor- 


Fig.  107. 


Fig.  ioSl 


tion  of  B  D  to  c  D,  or,  what  is  to  the  same  purport,  of  half  the 
distance  between  the  wheels  to  the  height  of  the  principal  seat 
of  the  load.  It  was  shown  in  the  last  chapter,  that  there  is  a 
certain  point,  called  the  centre  of  gravity,  at  which  the  entire 
weight  of  the  vehicle  and  its  load  may  be  conceived  to  be  con- 
centrated.   This  is  the  point  which,  in  the  present  investigation. 
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we  have  marked  c.  The  security  of  the  carriage,  therefore, 
depends  on  the  greatness  of  the  distance  between  the  wheels 
and  the  smallness  of  the  elevation  of  the  centre  of  gravity 
above  the  road  ;  for  either  or  both  of  these  circumstances  will 
increase  the  proportion  of  b  d  to  c  d. 

If  a  stone  or  other  weight  be  placed  in  a  sling  which  is 
whirled  round  by  the  hand  in  a  direction  perpendicular  to  the 
ground  {fig.  107),  the  stone  will  not  fall  out  of  the  sling,  even 
when  it  is  at  the  top  of  its  circuit,  and  consequently  has  no 
support  beneath  it.  The  central  force,  in  this  case  acting  from 
the  hand,  which  is  the  centre  of  rotation,  is  greater  than  the 
weight  of  the  body,  and  therefore  prevents  its  fall. 

In  like  manner,  a  bucket  of  water  may  be  whirled  so  rapidly, 
that  even  when  the  mouth  is  presented  downwards,  the  water 
will  still  be  retained  in  it  by  the  central  force  {fig.  108). 

The  tendency  of  the  water  to  recede  from  the  centre  of  ro- 


Fig.  109. 

tation  may  be  also  shown  by  the  apparatus  represented  in  fig. 
109. 

152.  Action  of  a  central  force  on  liquids. — If  a  glass 
of  water  be  fixed  upon  the  whirling-table,  and  be  made  to  re- 
volve rapidly  round  its  central  line  a  b  {fig.  no),  as  an  axis, 
the  water  will  rise  upon  its  sides  and  sink  upon  its  centre,  the 
surface  assxuning  a  concave  form.  This  effect  is  due  to  the  cen- 
tral force,  which  affects  every  particle  of  the  water,  and  gives 
it  a  tendency  to  fly  from  the  centre  of  revolution  ;  it  would 
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be  possible  to  impart  to  the  glass  a  revolution  so  rapid  as  to 
cause  the  water  to  flow  over  the  sides. 


Fig.  no. 

153.  Centrlfagral  dryingr-maobine   for   laundries.  —  The 

agency  of  a  central  force   has  been  applied  with  great  inge- 
nuity in  a  machine  for  drying  linen  in  some  of  the  larger  class 


Fig.  III. 

of  laundries  in  France.  This  jnachine,  which  is  represented  in 
fig.  Ill,  consists  of  a  large  hollow  drum,  within  which  there  is  a 
central  space  left  empty,  through  which  the  axle  passes.     The 
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space  A  A,  shown  in  section,  surrounding  this  vacant  central 
space,  is  enclosed  by  two  cylindrical  surfaces,  an  exterior  and  an 
interior.  This  circular  cylindrical  chamber  is  closed, by  covers, 
by  opening  which  the  linen  to  be  dried  can  be  introduced.  The 
bottom  of  this  chamber  is  pierced  with  holes  like  a  sieve,  through 
which  the  water  expressed  from  the  linen  can  flow  off ;  a  rapid 
rotation  being  given  to  this  cylinder,  the  linen,  by  the  effect  of 
the  central  force,  is  urged  against  the  exterior  surface  of  the 
cylinder,  and  is  there  squeezed  with  a  force  which  increases 
with  the  rapidity  of  the  rotation,  by  the  effect  of  which  the 
water  is  pressed  out  of  it,  and  escapes  through  the  holes  in  the 
bottom.  A  rotation  so  rapid  as  to  produce  25  turns  per  second, 
or  1,500  per  minute,  is  given  to  these  drying  cylinders,  by 
which  the  linen,  however  moist  it  may  be,  is  rendered  so 
nearly  dry  that  a  few  minutes'  exposure  in  the  air  renders  it 
perfectly  so. 

The  mechanism  by  which  this  rapid  rotation  is  produced 
consists  of  a  horizontal  shaft  c,  connected  with  the  vertical  shaft 
B  by  a  pair  of  bevelled  wheels  ;  the  shaft  c  receives  its  motion 
from  the  system  of  toothed  wheels  F  e,  f'  e',  f"  e",  which  are 
themselves  driven  by  a  system  of  hoops  n,  d',  d".  These  hoops 
receive  their  motion  from  a  shaft  driven  by  any  moving  power 
with  which  they  are  connected  by  an  endless  band. 

As  the  very  rapid  rotation  necessary  to  produce  the  desired 
effect  could  not  be  instantaneously  or  even  very  rapidly  produced 
without  injury  to  the  me<Aanism,  an  ingenious  expedient  is 
adopted  by  which  it  is  gradually  imparted  without  any  injurious 
shocks.  The  endless  band,  which  imparts  the  motion,  and 
which  is  shifted  horizontally  by  the  fork  h,  moved  by  the  screw 
and  winch  K,  is  first  placed  upon  the  hoop  d  ;  this  hoop  is  fixed 
upon  the  axle  of  the  toothed  wheel  e,  which  drives  the  wheel,  f, 
the  axle  c,  and  the  cylinder  a  a,  with  a  moderate  velocity  ;  the 
wheels  f'  f'^,  also  fixed  upon  the  axle  c,  are  moved  at  the  same 
rate,  and  they  impart  motion  to  the  wheels  e'  and  e",  which 
are  respectively  fixed  upon  hollow  axles,  which  pass  one  within 
the  other,  and  which  carry  respectively  the  hoops  d'  and  d''. 

When  the  apparatus  is  thus  put  in  motion,  with  a  certain 
moderate  velocity,  the  endless  band  is  transferred  by  the  appa- 
ratus from  the  hoop  d  to  the  hoop  n',  and  the  motion  is  then 
conveyed  to  the  shaft  c,  through  the  wheels  e'  and  f',  instead 
of  £  and  f  ;  and  the  proportion  of  these  wheels  is  so-  arranged 
'  that  the  same  velocity  of  the  hoop  d'  will  impart  an  increased 
velocity  to  the  shaft  c  and  the  cylinder  a  a. 

In  the  same  manner  exactly,  by  transferring  the  band  from 
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d'  to  d'',  the  velocity  is  still  further  increased,  and  the  full  effect 
produced. 

When  ;khe  motion  of  the  machine  is  suspended,  to  remove 
the  dried  linen  and  recharge  the  cylinder,  the  band  is  trans- 
ferred to  the  hoop  o,  which  turns  on  the  axle  without  being 
attached  to  it. 

154.  Motion  down  a  convex  curved — If  a  body  B  {Jiy. 
1 1 2)  move  down  a  curved  surface  a  f,  whose  centre  is  at  c,  it 
may  acquire  such  a  velocity  that  the  central  force  will  cause 
it  to  leave  the  surface,  and  to  be  projected  forwards  to  the 
ground.  The  conditions  under  which  this  would  take  place  are 
easily  explained. 

Let  the  weight  of  the  body  be  expressed  by  b  a,  and  the  cen- 
tral force  acting  upon  it  by  b  e,  and  let  the  parallelogram  abed 
be  completed.  Then  the  diagonal  b  d  will  be 
the  resultant  of  these  two  forces,  and  wiU  be 
the  line  in  which  the  body  has  a  tendency  to 
move.  So  long  as  this  diagonal  forms  an  acute 
angle  with  b  c,  the  body  will  remain  on  the 
curved  surface  ;  but  so  soon  as  it  forms  a 
right  angle  with  b  c,  then  it  will  become  a  tan- 
gent to  the  surface,  and  the  body  will  fall  off. 
^       ^  155.  Body  revolving:  on  a  fixed  axis. — 

Fig.  112.  The  most  important  classes  of  problems  in 

mechanical  science  in  which  the  principles  determining  the  action 
of  central  forces  are  practically  applied,  are  those  which  relate 
to  solid  bodies  revolving  on  an  axis.  If  a  solid  body  be  pierced 
by  a  straight  and  round  hole  in  which  a  cylindrical  rod  is 
inserted,  and  the  body  be  made  to  turn  rapidly  round  this 
rod  as  an  axis,  each  particle  of  matter  composing  the  body  will 
revolve  in  a  circle  round  such  axis  ;  all  these  circles  will  be 
described  in  the  same  time,  and  consequently  the  central  forces 
acting  on  the  particles  exerted  upon  the  axis  will  be  in  proportion 
to  their  distances  from  the  axis,  such  distances  being  the  radii 
of  the  circles  which  they  describe  respectively  round  it. 

All  the  particles  of  the  body  which  are  at  the  same  distance 
from  the  axis  will  therefore  be  acted  on  by  equal  central  forces, 
and  those  which  are  at  greater  distances  by  central  forces  pro- 
portionally greater  than  those  at  less  distances.  The  particles 
distributed  round  the  axis  will  be  acted  on  by  forces  directed 
towards  the  axis  in  the  direction  of  perpendiculars  connecting 
them  with  the  axes  respectively. 

Now  it  is  evident  that  as  many  different  forces  will  thus  be 
exerted  in  the  directictn  of  the  axis  as  there  are  different  psr- 
ticles  of  matter  composing  the  mass  of  the  revolving  body. 
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Three  cases  are  presented  which  may  arise  in  the  combination 
of  these  forces. 

1st.  They  may  be  in  equilibrium  ;  that  is  to  say,  the  cen- 
tral forces  acting  upon  all  the  particles  composing  the  body  on 
the  axis  may  neutralise  each  other.  In  this  case  the  axis  would 
suffer  neither  pressure  nor  strain  in  consequence  of  the  cen- 
tral forces,  and  the  body  would  spin  round  it  without  producing 
any  effect  upon  it. 

In  such  a  case,  if  the  axis  were  withdrawn  from  the  hole  in 
which  it  is  inserted,  the  body  would  still  continue  to  spin  as 
before  ;  because,  since  the  axis  suffered  no  pressure  or  strain 
from  the  revolving  matter,  its  presence  or  absence  can  make  no 
difference  in  the  motion. 

2nd.  The  central  forces  acting  on  the  particles  of  the  revolv- 
ing mass  may  be  such  as  to  be  capable  of  being  represented  by 
a  single  force  applied  at  some  point  of  the  axis,  and  at  right 
angles  to  it.  In  this  case  the  axis  will  suffer  a  corresponding 
pressure  or  strain  at  this  point.  If  this  point  could  be  fixed,  the 
remainder  of  the  axis  might  in  that  case  be  withdrawn  ;  because, 
since  no  other  i)oint  of  it  suffers  any  strain  from  the  effect  of  the 
motion,  its  presence  or  absence  can  produce  no  difference  in  the 
motion. 

3rd.  The  central  forces  may  be  such  that  their  combined 
effect  cannot  be  represented  by  a  single  force,  but  may  be  repre- 
sented by  two  equal  and  parallel  forces  acting  on  two  different 
points  of  the  axis,  and  in  contrary  directions.  This  combination 
ij3  what  has  been  already  called  a  cov/pU,  and  its  effect  is  to  twist 
the  axis  round  some  point  intermediate  between  the  two 
contrary  forces.  In  this  case  the  axis  could  not  be  withdrawn 
unless  two  fixed  points  were  provided,  representing  the  points 
to  which  the  opposite  forces  of  the  couple  are  applied. 

The  combination  of  forces  acting  on  the  revolving  matter 
may  be  such  as  to  be  incapable  of  being  represented  either  by 
a  single  force  or  by  a  couple.  In  this  case  it  can  be  proved  that 
their  combined  effects  will  be  represented  by  a  single  force  and 
a  couple  taken  together.  The  effect,  in  such  a  case,  is  a  pres- 
sure upon  the  axis  at  right  angles  to  its  length  at  the  point 
where  the  single  force  is  placed,  and  a  tension  or  twist  pro- 
duced at  the  same  time  by  the  couple. 

These  are  all  the  possible  cases  which  can  be  presented  by  a 
soHd  body  revolving  on  a  fixed  axis. 

156.  Bzamples. — Their  complete  analysis  and  demonstration 
would  require  the  use  of  the  principles  and  formulcB  of  the 
higher  parts  of  mathematical  science,  the  introduction  of  which 
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would  not  be  suitable  to  the  purpose  of  the  present  treatise.  We 
shall  therefore  limit  ourselves  to  some  examples  which  will  con- 
vey a  sufficiently  clear  notion  of  the  general  effects  produced 
by  the  rotation  of  solid  bodies  on  fixed  axes. 

If  a  series  of  particles  of  matter  placed  in  the  circum- 
ference of  a  circle  are  made  to  revolve  by  a  common  motion 
round  an  axis,  passing  through  such  cir- 
cle, and  perpendicular  to  its  plane,  their 
central  forces  will  be  evidently  in 
equilibrium,  and  no  pressure  on  the  axis 
will  be  produced.  A  circular  series  of 
such  particles  is  represented  in  fig.  113, 
the  radii  represent  the  direction  of  the 
central  forces,  which  are  all  equal, 
because  the  particles  are  equal  and  the 
Fig.  113.  distances  from  the  centre  are  equal. 

It  is  evident  on  inspection  that  these 
forces  equilibrate  round  the  centre,  and  that  the  central  point, 
therefore,  would  suffer  no  pressure  in  one  direction  rather  than 
in  another. 

A  flat  circular  plate  of  uniform  thickness  and  density  may 
be  considered  as  consisting  of  a  series  of  concentrical  rings  of 
such  particles.  If  such  a  plate  revolve  round  an  axis  passing 
through  its  centre,  and  perpendicular  to  its  plane,  the  central 
forces  acting  on  the  particles  will  be  in  equilibrium,  and  no  pres- 
sure will  be  produced  on  the  axis. 

A  cylinder  may  be  considered  as  composed  of  a  number  of 
such  circular  plates  placed  one  upon  the  other,  and  the  axis  of 
the  cylinder  will  be  the  line  formed  by  the  centres  of  these 
plates.  If  such  a  cylinder,  therefore,  revolve  round  its  axis 
the  central  forces  acting  on  its  mass  would  be  in  equilibrium, 
because  each  separate  plate  being  in  equilibrium,  the  entire  pile 
would  necessarily  also  be  in  equilibrium. 

157.  Solids  of  revolution. — There  is  an  extensive  and  im- 
portant class  of  solid  bodies  having  a  geometrical  form,  which 
gives  to  their  axes  this  property.  They  are  called  solids  of  re- 
vohvbion. 

Let  ▲  B  D  (Jig.  1 14)  be  a  triangle,  with  a  right  angle  at  a.  If 
this  be  supposed  to  revolve  round  the  side  A  b  as  an  axis,  it  will 
by  its  revolution  generate  a  solid  called  a  right  cone  ;  that  is  to 
say,  the  space  through  which  it  would  pass  as  it  revolves,  and 
which  it  would  include  within  its  sides  in  revolving  if  filled 
by  any  solid  matter,  would  form  a  cone. 

If  a  right-angled  parallelogram  {fi/g,  115)  revolve  round  its 
ide  A  B,  it  would  in  the  same  way  generate  a  cylinder. 
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If  a  triangle  a  b  i>  {fig,  116)  revolve  round  a  side  a  b  not 
adjacent  to  a  right  angle,  it  would  generate  the  double  cone. 


Kg.  114.  Kg.  lis.  ^- 1^6. 

K  a  semicircle  (^.  117)  revolve  round  its  diameter  ab,  it 
would  generate  a  sphere  or  globe. 

If  a  semi-ellipse  (fi^.  118)  revolve  round  its  shorter  axis  A  b, 
it  would  generate  an  oblate  spheroid,  being  a  figure  resembling 
an  orange. 

If  a  semi-ellipse  (^.  119)  revolve  round  its  longer  axis,  it 
would  generate  a  prolate  spheroid,  being  a  figure  resembling  an 
egg,  only  that  its  ends  are  similar. 

B 


Kg.  117. 


Kg.  tjB. 


Kg.  119. 


Now  it  is  evident,  that  in  these  and  all  solid  bodies  whose 

figures  are  determined  by  the  same  principle,  all  sections  made 

by  planes  perpendicular  to  their  axes  of  revolution  are  circles 

through  the  centre  of  which  such  axes  pass.     Since  the  central 

forces  of    the   particles  of    matter  composing   each    of    such 

sections  are   in  equilibrium,  the  central  forces  of   the   entire 

mass  of  the  body  are  necessarily  also  in  equilibrium,  such  mass 

being  composed  of  these  several  sections.     The  body,  in  short, 

may  be  considered  to  be  made  up  of  a  nimiber  of  circular  plates 

laid  one  upon  another,  varying  in  their  diameter  accordmg  to 

the  form  of  the  body. 
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If  a  Bolid  of  revolution,  therefore,  be  made  to  revolve  upon 
its  geometrical  axis,  the  centrifugal  forces  of  its  mass  will  be  in 
equilibrium,  and  no  pressure  or  strain  whatever  will  take  place 
upon  its  axis. 

If  a  globe  or  sphere  be  composed  of  any  materials  capable  of 
a  change  of  figure,  it  will  be  converted  into  a  flattened  ellip- 
tical spheroid  by  the  central  force  produced  by  its  rotation. 


Fig.  I20. 

This  fact  is  shown  experimentally  by  an  apparatus  composed  of 
elastic  hoops  put  in  rotation  by  the  whirling-table,  as  shown  in 
f^.  1 20.. 

The  same  reasoning  will  be  applicable  to  all  solids  which 
have  an  axis  round  which  the  particles  of  such  section  made  by 
a  perpendicular  plane  are  so  arranged  that  every  particle  of 
matter  at  one  side  has  a  corresponding  particle  at  an  equal  dis- 
tance at  the  other  side  ;  for  in  this  case  every  pair  of  such  equi- 
distant particles  will  exert  equal  and  opposite  central  forces  on 
the  axis. 

A  great  number  of  solid  bodies,  including  the  class  of  solids 
of  revolution  described  above,  fulfil  this  condition. 

If  the  sections  of  a  solid  be  all  equal,  and  have  any  regular 
geometrical  figure  having  a  point  within  it  forming  its  geometri- 
cal centre,  and  through  which  all  lines  drawn  are  bisected,  then 
such  a  solid  participates  in  the  above  property,  and  the  central 
forces  of  its  mass,  when  revolving  round  such  an  axis,  will 
neutralise  each  other. 

A  column  formed  by  laying  one  upon  another  equal  flat 
plates  of  the  same  figure  has  this  property.  Such  a  column  is 
called  in  geometry,  a  rectangular  prism. 
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A  pyramid  formed  by  laying  upon  each  other  similar  plates 
not  equal,  but  diminishing  gradually  in  magnitude,  will  have  the 
same  property. 

It  follows,  therefore,  that  the  axes  of  the  rectangular  prisms 
and  pyramids  whose  bases  have  a  centre  of  magnitude  share  the 
above  property. 

158.  Axis  of  revolutions  ttarongrli  centre  of  grravlty* — It 
will  be  observed  that  the  axis  round  which  the  central  force 
equilibrates  in  the  examples  given  above  will  pass  through  the 
centre  of  gravity  of  the  bodies  in  question.  It  may  therefore 
be  asked,  whether  such  property  belongs  to  all  lines  whatever 
passing  through  the  centre  of  gravity  of  a  body ;  that  is  to  say, 
whether,  if  a  body  is  made  to  revolve  upon  an  axis  passing 
through  its  centre  of  gravity,  the  central  forces  will  be  in 
equilibrium,  and  whether  such  axis  wiU  be  free  from  strain  or 
pressure.  It  is  easy  to  show  that  this  will  not  be  the  case  in 
general,  and  that  only  certain  lines  passing  through  the  centre 
of  gravity  vidll  have  the  property  above  mentioned. 

If  a  rectangular  plate  having  unequal  sides,  A  b  and  b  c  (Jig, 
121),  be  made  to  revolve 
round  a  line  m  n,  passing 
through  the  middle  points 
of  the  opposite  sides  a  b 
and  DC,  the  central 
forces  will  be  in  equili- 
brium ;  because  every 
point  on  the  one  side  of 
H  N  has  a  corresponding 
point  at  an  equal  distance 
on  the  other  side. 

In  like  manner,  the 
line  m  n,  passing  through 
the  middle  points  of  the 
sides  A  D  and  b  c,  would 
possess  a  like  property. 
But  if  any  other  line,  such  as  p  Q,  be  drawn  through  the  centre 
of  gravity,  o,  and  the  plate  be  made  to  revolve  round  such  line, 
then  it  will  bo  evident  that  the  central  forces  will  not  be  in 
equilibrium.  For  through  a  point  such  as  £,  let  a  Hue  f  o  be 
drawn  perpendicular  to  the  axis  p  q.  This  line  f  ^  a  will  be 
divided  into  unequal  parts  at  e,  and  the  total  central  force 
acting  on  the  particles  between  E  and  f  will  b$&  greater  than 
the  central  force  acting  on  the  particles  between  £  and  o. 
The  same  will  be  true  of  all  lines  drawn  perpendicular  to  o  p  ; 


Pig.  121. 


Digitized 


by  Google 


i66  FORCE  AND  MOTION. 

and  the  combined  effect  of  all  the  central  forces  acting  in 
that  part  of  the  axis  between  o  and  p  will  be  to  produce  a 
greater  strain  on  the  side  of  the  angle  ▲  than  on  the  side  of  the 
angle  d,  and  the  central  forces  will  have  a  resultant  directed 
towards  the  side  ▲.  By  the  same  reasoning  it  may  be  shown 
that  the  central  forces  of  that  part  of  the  plate  which  is 
below  K  L  will  have  a  resultant  directed  to  the  side  of  the  angle 
G,  and  this  resultant  will  be  equal  to  the  resultant  of  the  central 
forces  above  k  l,  directed  to  the  side  of  the  angle  ▲. 

It  follows,  therefore,  that  the  axis  p  q  round  which  the  plate 
revolves  will  be  affected  by  forces  having  two  resultants  parallel 
to  each  other  and  in  opposite  directions,  one  perpendicular  to 
o  p,  and  directed  towards  the  side  of  the  angle  a,  and  the  other 
perpendicular  to  o  Q,  and  directed  towards  the  side  of  the  angle 
G.  These  two  forces  form  a  couple,  and  have  a  tendency  to  turn 
the  axis  of  revolution  towards  the  position  M  K,  as  represented 
by  the  arrows  in  the  diagram. 

This  property  is  general,  although  it  cannot  be  demonstrated 
in  all  its  universality  without  the  aid  of  the  language  and 
principles  of  the  higher  analysis.  It  may  be  stated  thus  : — In 
all  bodies  whatever,  there  are  three  lines  passing  through  the 
centre  of  gravity  which  are  at  right  angles  to  each  other,  each  of 
which  is  so  placed,  in  reference  to  the  mass  of  the  body,  that  the 
central  forces  produced  by  the  revolution  of  the  body  round 
them  respectively  will  be  in  equilibrium  ;  and  such  lines,  when 
the  body  revolves  round  them,  will  suffer  no  strain  or  pres- 
sure. 

But  if  the  body  be  made  to  revolve  round  any  other  line 
passing  through  the  centre  of  gravity,  the  central  forces  will 
produce  a  strain,  which  will  be  represented  by  two  equal  oppo- 
site and  parallel  forces  acting  upon  the  axis  at  opposite  sides  of 
the  centre  of  gravity,  and  having  a  tendency  to  turn  the  axis  in 
the  position  of  one  or  other  of  the  three  axes  of  equilibrium  here 
mentioned. 

159.  Principal  axes. — An  axis  round  which  the  central 
forces  equilibrajbe  is  called  a  principal  axis  ;  and  from  what  has 
been  explained,  it  appears  that  there  are  three  principal  axes 
through  the  centre  of  gravity  at  right  angles  to  each  other. 

There  are  some  particular  cases  in  which  every  line  passing 
through  the  centre  of  gravity  is  a  principal  axis  ;  such,  for 
example,  is  the  case  with  a  sphere  or  globe  of  uniform  density." 
Such  a  solid,  >''hatever  diameter  it  may  revolve  round,  will  be 
a  solid  of  revolution,  and  the  sections  perpendicular  to  such 
diameter  will  be  circles.     The  same  principle  is  true  of  all  the 
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regular  solids.  All  lines,  for  example,  passing  through  the 
centre  of  a  cube  are  principal  axes. 

If  a  solid  be  made  to  revolve  round  an  axis  which  does  not 
pass  through  the  centre  of  gravity,  but  which  is  parallel  to  one  or 
other  of  the  principal  axes  passing  through  that  point,  the  cen- 
tral forces  will  not  equilibrate  round  such  axis,  but  they 
will  be  represented  by  a  single  force  perpendicular  to  it,  and 
passing  through  the  centre  of  gravity. 

Such  an  axis  is  called  a  principal  axis,  and  in  general  there 
are  three  such  axes  corresponding  with  such  points  taken  in  the 
body,  which  are  parallel  respectively  to  the  principal  axes 
passing  through  the  centre  of  gravity. 

It  may  therefore  be  stated,  in  general,  that  if  any  point  in  a 
body  be  taken  different  from  the  centre  of  gravity,  there  are 
three  lines  passing  through  it  at  right  angles  to  each  other, 
round  oach  of  which,  if  the  body  is  made  to  revolve,  an  effect 
will  be  produced  by  the  central  forces  which  can  be  repre- 
sented by  a  single  force,  perpendicular  to  the  circumference,  and 
passing  through  the  centre  of  gravity. 

If  the  body  be  made  to  revolve  round  any  line  passing 
through  a  given  point  in  it -which  is  not  a  principal  axis  in  the 
sense  just  referred  to,  then  the  central  forces  produced  by 
such  revolution  cannot  be  represented  either  by  a  single  force  or 
by  a  pair  of  equal  and  opposite  parallel  forces,  but  will  be  repre- 
sented by  both  of  these  together.  This,  therefore,  is  the  cha- 
racter of  all  axes,  round  which  a  body  would  move,  which  do 
not  pass  through  the  centre  of  gravity,  and  are  not  parallel  to 
either  of  the  principal  axes  passing  through  that  point. 

160.  ZSzperlmental  illustrations. — Many  of  these  impor- 
tant properties  admit  of  being  experimentally  illustrated  in  a 
very  striing  manner  by  a  simple  apparatus. 

Let  a  body  be  suspended  by  a  thread,  or,  better  still,  by  a 
skein  composed  of  several  threads,  from  a  fixed  point.  Let  this 
fixed  point  be  so  arranged,  that  a  rapid  rotatory  motion  may  be 
given  to  it.  This  rotatory  motion  will  soon  be  imparted  to  the 
body  suspended  to  the  threads  by  the  twisting  of  the  skein,  and 
after  a  time  the  rotation  of  the  body  will  become  extremely 
rapid.  It  will  first  take  place  round  the  line,  passing  vertically 
through  it  in  the  direction  of  the  skein,  when  it  hangs  quiescent. 
If  this  line  happen  to  be  one  of  the  principal  axes  passing 
through  its  centre  of  gravity,  it  wiQ  continue  to  revolve  round 
it;  but  if  it  be  not  one  of  these  principal  axes,  the  central 
force,  as  has  been  already  explained,  will  produce  an  effect  upon 
it,  represented  by  two  equal,  opposite,  and  parallel  forces  tend- 
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ing  to  twist  it.  This  effect  will  be  soon  rendered  manifest  in 
a  remarkable  manner  :  the  body,  when  it  revolves  rapidly,  will 
not  continue  in  the  same  position  which  it  had  when  it  was 
quiescent.  The  line  which  was  in  the  direction  of  the  string 
will  begin  to  take  another  direction,  the  point  where  the  string 
is  attached  to  it  will  not  remain  in  its  first  position,  and  the 
body  will  throw  itself  into  a  position  at  a  greater  or  lesser  angle 
to  the  string,  and,  in  a  word,  will  at  length,  after  the  revolving 
motion  has  become  sufficiently  rapid  and  continued,  assume 
such  a  position,  that  a  principid  axis,  passing  through  its  centre 
of  gravity,  will  become  vertical,  and  the  body  will  spin  round  it. 
Tt  is  evident,  therefore,  that  this  effect  takes  place  in  spite 
of  the  opposing  influence  of  the  gravity  of  the  body,  for  in  the 
new  position  which  the  body  assumes,  the  line  of  direction  of  its 
centre  of  gravity  ceases  to  be  represented  by  the  skein.  This 
experiment  may  be  varied  in  a  great  variety  of  ways,  exhibiting 
most  instructive  and  surprising  effects. 


Pig.  123. 


Fig.  125. 


If  a  metallic  ring  be  suspended  by  the  skein  by  being  attached 
to  a  point  in  its  side,  the  ring,  when  quiescent,  will  hang  with 
its  plane  vertical ;  but  when  the  rotation  becomes  rapid,  the 
ring  will  throw  itself  into  a  horizontal  position,  and  will  spin 
round  a  vertical  axis  through  its  centre,  and  perpendicular  to 
Hs  plane. 
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If  the  experiment  be  made  with  an  oblate  spheroid  sua- 
pended  by  a  point  p  (Jig.  122)  in  its  equator  p  Q,  its  lesser  axis 
A  B  being  horizontal,  it  will,  when  it  acquires  a  rapid  motion,  take 
the  position  represented  in  fig,  123,  in  which  the  shorter  axis 
A  B  is  vertical,  and  the  equator  p  Q  horizontal,  and  it  will  spin 
in  this  position  round  the  principal  axis  a  b,  although  the  centre 
of  gravity  is  unsupported  by  the  string. 

K  a  cylindrical  rod  A  B  (ji^.  124)  be  suspended  by  a  point  at 
the  centre  of  one  of  its  ends,  and  a  rapid  revolution  be  imparted 
to  it,  it  will  not  continue  in  this  position,  but  will  assume  the 
position  represented  in^igr.  125,  in  which  its  length  will  be  hori- 
zontal, and  it  will  revolve  round  an  axis  passing  through  its 
centre,  and  at  right  angles  to  the  length. 

If  a  metallic  chain,  the  ends  of  which  are  united,  as  in  a 
necklace  or  bracelet,  be  suspended  from  any  point,  and  put  in 
rapid  revolution,  the  chain  will  at  first  make  some  irregular 
gyrations,  but  after  a  time  it  will  gradually  open,  and  settle 
itself  into  the  form  of  a  precise  circle,  the  plane  of  which  will  be 
horizontal,  and  the  string  wUl  then  be  attached  to  a  point  in 
this  circle.  In  short,  the  chain  will  assume  the  form  of  a  solid 
ring  in  a  horizontal  frame. 

161.  JLpplleations  and  Problems. — The  principles  ex- 
plained in  the  preceding  chapters  are  applied  in  the  following 
questions,  which  will  serve  to  illustrate  them  stiU  further : — 

1.  A  stone  is  let  fall ;  find  velocity  and  space  passed  over 
after  10  seconds. 

(a)  v=  ^t  =32*2x10  =322  feet  per  second. 
03)  a^^gf<^  =  i6-i  X  ia*=  1,610  feet. 

2.  A  stone  is  projected  downwards  with  a  velocity  of  20  Jeet ; 
find  space  and  velocity  after  5  seconds. 

v^c  +  gt  « 20 +  32 '2  X  5  =  181  feet. 

«  =  (f''*  +  i gr **  « 20  X  5  +  i6-i  X  5*  =  100  +  402 -5  =  502*5  feet. 

3.  Prove  generally  that  a  body  projected  upwards  has  the 
same  velocity  and  the  same  position  in  space  at  the  same  time 
before  and  after  it  attains  the  greatest  height. 

(a)  The  time  in  which  a  body  projected  upwards  comes  to 
rest  is  given  by  o^c—gt 

v=c—gt 

•  •  —  c. 
9 
Now  let  it  be  n  seconds  before  t,  then  the  body  has  been  on 
its  way  t—n  seconds,  and  its  velocity  is  then — 
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but  t  =  -,\v  =  c—( n)g-ng. 

9  ^9        ^ 

Again,  after  attaining  its  position  of  rest,  and  coming  back 
n  seconds,  its  velocity  is  clearly  also  n  g,  .  *.  the  velocity  is  the 
same,  n  seconds  before  and  n  seconds  after  attaining  its  posi- 
tion of  rest. 

(i3)  The  space  described  n  seconds  before  reaching  the  posi- 
tion of  rest  is — 

8==c{t-n)  —  i  g  (t-nf 
=  ct  —  cn  —  igt^  +  gtn-ign^; 
but  ct  —  ^gf^^  whole  space  =  ««,, 
and  gtn  =  c7v,  because  c  =  gt,  when  the  body  comes  to  rest, 

,\s  =  s„  —  cn  +  cn-^gn^  =  s„—ign^, 
.  • .  the  distance  from  the  point  of  rest  is  s«,  —  s  =  ^  gf  n*. 
But  i  gn^  represents  the  space  passed  over  in  n  seconds, 
and  this  space  is  the  same  as  that  which  the  body  would  have 
still  to  pass  over,  i.e.  its  position  in  space  is  the  same. 

4.  If  i/;,,  w^y  ^®  *^®  weights  in  Atwood's  machine,  find  the 
velocity  and  space  for  the  time  t  in  terms  of  w^,  w^,  and  g. 

From  the  general  formula/  =  -  gr, 

we  have,  since  p  =  i/j^  —  w^^  yf  =  w^  +  lo^, 

acceleration  =  ^!^    ^  - 


IWj  +  w^ 


.  • .  Velocity  after  t  seconds  =  ^^ — ^  a  t. 

Space  after  t  seconds  =  h  '^^""^^  g  f^. 

5.  How  may  the  inclined  plane  and  Atwood's  machine  be 
used  for  finding  approximately  the  value  of  gr  ? 

(i)  If  the  space  were  observed  in  Atwood's  machine  through 
which  the  weights  in  a  number  of  seconds  pass,  we  have — 

2  (^IV^  +  lVo) 

from  Which  ^=i:^-(!^^±^>. 

(2)  Similarly  in  the  inclined  plane,  let  the  length  and  height 
be  measured,  and  the  time  of  descent  of  a  body, 

then  since  s  =--  — ^— , 
2  I 
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i£l~s,  that  is,  if  we  observe  the  tiiue  it  takes  to  descend  {i>:m 
the  top  to  the  foot  of  the  plane. 

6.  A  stone  is  thrown  verticallT  upwards  with  a  Tel':»city  3  'j  : 
find  at  what  times  its  height  will  be  4  o,  and  find  its  Te!c»citT  at 
these  times . 

Let  u  be  the  initial  Telocity. 

(a)  From  «  =  i«  ^  —  J  ^  f',  we  have  4  a  =  3 :7  f  —  *  a  f *,  or, 

S  =  6t-t\\t'-6t^9=\,\t=AoT2, 
(iS)  From  tr^  =  u'  —  2fs,  we  have  rr  =  {3'])'  —  2  g  x  ^.^j 
. ' .  H  =  J/'  or  r  =  -  'J. 

7.  A  body  is  projected  vertically  upwards  with  a  velocity 
which  will  carry  it  to  a  height  2  </  :  find  after  what  interval  the 
body  will  be  descending  with  the  vek»city  q. 

From  t;^  =  it^  —  2/«,  we  have  o  =  i<-  —  2  ^  .  2  g  or  u  =  -2  q.  The 
positive  value  alone  is  clearly  available. 

Hence,  the  initial  velocity  being  2  ^7,  we  have  for  the  time  of 
ascent     .  .         .         .         .         .         ,     2  rj=  of  or  t  =  2  sees. 

But  in  order  to  attain  a  velocity  g  the  b<  ^dy  must  descend    i     .. 

.  * .  Wh(_»le  interval  =  3  sees. 

8.  A  body  moves  over  20  feet  in  the  fii-st  second  of  time 
during  which  it  is  observed,  over  84  feet  during  the  tliird 
second,  and  over  148  feet  during  the  fifth  second.  Is  this  con- 
sistent with  the  supposition  of  uniform  acceleration  i 

The  formula  n  +  -^  (2  71  —  i)  gives  the  spaces  passed  over  in — 
2 

1st  second     n+^,    supposing  u  an  original   velocitv,  and   f' a 
2  ^  «  . 

constant  force. 

3rd  second    u  +  ^^ 

2 


5th  second   u  + 

2 


9f 


Hence  20  =  u  + 


i\ 


«=  4 

Putting  in  the  following  equation  these  values — 

-u  +  ?^  =  148  =  4  +  9  X  16, 

2 

which  is  correct,  hence  the  spaces  passed  over  agree  with  the  sup- 
position of  a  constant  force  =  32. 
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9.  Similarly  solved  is  the  following :  A  particle  uniformly 
accelerated  describes  180  feet,  and  140  feet  is  the  5th  and  7th 
second  of  its  motion.  Find  the  initial  velocity  and  the  numerical 
measure  of  the  acceleration. 

2 


u+  ^^  «  140 
2 


^^/-3^  l:it 


10.  What  is  the  velocity  acquired  by  a  body  when  it  strikes 
the  earth,  having  been  dropped  from  a  height  of  450  feet  ?  If 
the  body  weighs  10  stones,  what  is  the  momentum  acquired  ? 

Here  s  =  450 

g  =  32*2,  and  «  «  a/2  «  gf  =  ^^900  x  32*2 
=  170*2  feet  per  second. 
The  momentum  is,  therefore — 

170*2  X  10  X  14  =  23828. 

1 1.  A  body  has  fallen  through  a  height  of  440  yards.  What 
was  the  space  described  by  it  in  the  last  second  of  its  fall  1 

«=»  1320  feet. 

The  whole  time  =  ^«     /^*  «     /liLli^^Q-os  seconds. 

.  • .  space  during  last  second  =  -^  (2  x  9*05  —  i)  «  275  '4  feet. 

2 

12.  A  body  in  falling  has  described  one-third  of  the  altitude 
from  which  it  fell,  during  the  last  second.  Find  the  altitude 
and  the  whole  time  of  descent. 

Let  t  =  time  of  descent.     Then  altitude  =  J  ^  <*, 
and  space  in  (*  —  i)  seconds  =  ig(t  —  i)^. 

„     in  last  second       «^  (2  ^-  i). 


igf<«  =  3K5(2<-l); 


By  the  question  we  have — 

from  which  equation — 

t-S '449  seconds, 
and 

altitude ^i  gt^  =  477  9  feet. 
13.  What  is  the  measure  of  the  force  of  gravity,  when  half 
a  second  is  taken  as  unit  of  time  ;  also,  when  the  unit  of  space 
is  I  metre  (i  metre  =  3*28  feet)  ? 
In  the  first  case  the  measure  is — 

(i)'fl'  =  ^^-8-05  feet. 
4 


Digitized 


by  Google 


CENTRAL  FOaCES,  173 

In  the  second  case  the  measure  is — 

^ — ;;«"9*8i  metres. 
3-28 

14.  Also  when  the  unit  of  time  is  ten  seconds,  and  that  of 
space  one  yard. 

Acceleration  » ^  *  33*3  x  32*2. 

3 

15.  Also  when  the  unit  of  time  is  a  quarter  of  a  second  and 
the  unit  of  space  J  yard. 

Here  acceleration  =  ^ ^A^z.  =  _!L_  =      nearly. 

ij  3 

16.  If  /  be  the  measure  of  an  acceleration  when  m  seconds 
is  the  unit  of  time  and  n  feet  the  unit  of  length,  find  the  mea- 
sure of  acceleration  when  a  second  or  a  foot  are  the  units. 

Obviously,  if  m  seconds  of  time  was  the  unit,  it  will  be  —5-   . 

f  if  I  second  be  taken  as  unit, 

and  -77 .  /  if  I  second  and  i  foot. 

17.  If  /  be  the  measure  of  an  acceleration  when  m  seconds 
is  the  unit  of  time,  and  n  feet  the  unit  of  length,  find  the  mea- 
sure of  the  acceleration  when  /*  seconds  is  the  unit  of  time,  and  v 
feet  the  unit  of  length. 

By  the  previous  problem,  the  acceleration  /,  reduced  to  i 

second  or  i  foot  =/ .  — s  ; 
rrr 

and  reduced  again  to  /x  seconds  and  v  feet  it  is — 


n    jj^ 


18.  A  body  of  given  weight  is  suspended  by  a  rope  and 
allowed  to  descend  with  a  given  acceleration  /.  Find  the  tension 

of  the  string. 

Moving  force  =  w  —  T 

w      3  9    ■ 


i-B- 


=  T 

19.  A  body  of  weight  w  is  suspended  by  a  rope  to  the  top  of 
a  beam  which  moves  in  a  horizontal  direction.  If  the  string 
places  itself  in  a  position  inclined  (j)  degrees  to  the  vertical, 
what  is  the  acceleration  of  the  beam  ? 
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From^.  126  we  see  that  the  moving  force  is  T  sin  <^. 
Since  there  is  no  motion  downwards  w  «  T  cos  ^ 

T  sin  d>    /       T  sin  d>    /  .  ^    ^  x„    ^ 

_r=*Lor- ^=*^.'./=a  tan  9. 

w        g       T  cos  9    ^ 


QHJ 


□^ 


Fig.  126. 


Pig.  127. 


20.  If  two  weights,  p,  Q,  fig.  127,  hang  over  a  pulley,  and 
motion  takes  place,  the  moving  forces  are  p~t,  and  T  — Q,  t 
being  the  tension  of  the  string. 

Hence  the  acceleration 


downward  g,  upward ; 

^  9 


but  both  are  equal 


2PQ 
P  +  Q* 


The  acceleration  is  therefore — 


P-T 

p 


^       V  P  +  Q/^       P  +  Q^' 


the  velocity  after  t  seconds  is — 

P-Q 
P  +  Q 

and  the  space  passed  over  is — 


9^y 


^P  +  Q^ 
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21.  In  the  position  represented  in  fig,  128  the  moving  force,  if 
p  descends,  is  p  —  Q  sin  a  ;  hence,  the  weights  moved  being  p  +  q — 

/_p-Q  sin  a 
g         P  +  Q 
To  find  T  we  have  the  moving  force  on  p  =  p  —  t 

.  . =-*'-  or  p  — T  =  ^p 


T  =  (l-pP 

./i  _P-Qsina\ 

\  P  +  Q       / 

_pq(i  +sina) 

P  +  Q 


Pig.  128. 


22.  In  the  case  represented  in  fi^,  129,  we  have  by  similar 
reasoning — 

p  sin  0  -  Q  sin  a  ^  / 

and  for  the  tension — 


P  +  Q 

9' 

T  -  Q  sin  a 

=/ 

Q 

9 

p  sin  /3  -  T 

-f 

P 

9 

•  m  _  (sin  a  +  sin  /S)  P  Q 

P  +  Q 


Fig.  129. 

23.  The  speed  of  a  railway  train  increases  uniformly  for  the 
first  three  minutes  after  starting,  and  during  this  time  it  travels 
over  one  mile.  What  speed  (in  miles  per  hour)  has  it  now 
gained,  and  what  space  did  it  describe  in  the  first  2  minutes  ? 

l  =  i/.9,/=|of  amile. 
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«=/<  =  -3  =-  per  minute, 
9         9 

and  per  hour  =» =  40  miles  per  hour. 

8  in  two  minutes  =  i  .  -   .  4  =  -  miles. 

24.  A  body  is  projected  horizontally  with  a  velocity  of  50 
feet  per  second  from  the  top  of  a  tower  160  feet  high.  At  what 
distance  from  the  base  of  the  tower  wiU  the  body  strike  the 
ground  ?  

time  of  descent  =  t  =     /liii^  =  3-1 

50  X  3*1  =  distance  from  the  foot  of  the  tower. 

25.  How  far  will  a  body  fall  in  vacuo  during  the  time  in 
which  its  velocity  increases  from  40*25  feet  per  second  to  88*55 
feet  per  second  ? 

3_88-55^-4o-25^^ 

2  X  32*2 

^1^-8x483^  6-6 
64-4  = 

26.  A  weight  of  20  lbs.  is  resting  on  an  inclined  plane  with- 
out friction.  When  attached  by  a  string  which  passes  over  a 
pulley  to  a  weight  of  4  lbs.  hanging  down  perpendicularly,  de- 
termine the  motion  and  the  tension  of  the  string  if  the  gradient 
of  the  plane  is  i  in  13. 

If  T  the  tension,  we  have,  if  i  =  inclination  of  plane,  the  20 
lbs.  urged  down  by  a  force  which  would  give  them  an  accelera- 
tion 

of  g  sin  i 

but  this  is  counteracted  by  the  acceleration  produced  by  the 
tension, 

that  is  by  (7    -  ; 
*^  "^  20 

hence  the  motion  of  the  weight  is — 

*        T  I 


^/,3T-20Y 
\  13  x  20   / 
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Similarly  for  the  4  lbs.  the  acceleration  ia — 

13  X  20         4 
.M3t-2o=.(4-t)5  .  13 

.'.  13  T— 20  =  20  .   13  .  65  T 

781  =  14 .  20 

I4^^^^7_^^^  140^     23 
78  39    '"39     _jV 

Acceleration  =  32( 4 -  ^^'')  ^  32  _  Ll 4o  ^         28  ^^  =  3\l 

— ^^^-  39  39    -"--- 

4 

27.   A  body,  A,  is  projected  vertically  downwards  from  the 

top  of  a  tower  with  the  velocity  V,  and  one  second  afterwards 

another  body  B  is  let  fall  from  a  window  a  feet  below  the  top 

of  the  tower  :  in  what  time  will  a  overtake  B  ? 

If  X  be  the  time,  the  space  moved  over  hy  A^Y x  +  ^gx^ 

hjB  =  (x-iyig. 

The  difference  of  the  two  spaces  is  a — 

.'.Yx  +  igx'^-ig{x-iy  =  a 

y  x  +  l g x'^-i  g x^  +  g .v- i  g  =  a 

,',x  =  2  a  +  g 

162^  Summary  of  facts  and  formulae  for  motion. — The 

following  brief  statements  will  be  useful  to  the  reader  as  a 
general  summary  and  recapitulation  of  the  principal  primary 
facts  regarding  free  motion  : — 

1.  A  body  is  said  to  be  at  rest  when,  according  to  the  judg- 
ment of  our  senses,  it  does  not  change  its  position  relative  to 
surrounding  objects ;  it  is  in  motion  when  it  changes  its 
position. 

2.  These  observed  motions  express,  however,  only  differ etices 
of  motion.  An  object  moving  on  board  ship  opposite  to  the 
motion  of  the  ship,  with  equal  velocity,  is  at  rest  with  reference 
to  a  fixed  point  on  the  shore.  An  object  at  rest  on  a  ship  moves 
with  it.  In  a  fog,  the  boat  on  a  river  appears  at  rest  to  those 
in  it,  objects  near  it  move  with  the  same  velocity.  In  a  balloon 
all  seems  at  rest. 

3.  Our  opinions  as  to  rest  or  motion  are  always  founded 
upon  comparison  with  a  point  which  is  assumed  as  resting. 
But  no  rest  exists  in  nature.     Sun,  earth,  &c.,  move,  and  all 
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bodies  upon  them.  Motion  is  the  only  real  state  existing.  Rest 
is  that  state  of  motion  of  a  body  which  it  shares  with  other 
bodies,  maintaining  their  relative  position. 

4.  The  motion  of  a  body  is  independent  of  the  rotation  of 
the  earth.  A  stone  drops  in  a  train  as  if  the  observer  were 
outside  on  the  ground ;  a  stone  thrown  out  falls  in  the  same 
manner  as  if  thrown  while  the  carriage  is  at  rest.  Hence  bodies 
participate  in  motions  independently  of  those  they  had  before, 
and  each  may  be  investigated  as  if  none  existed  previously. 
Mechanics  investigates  the  phenomena  of  motion. 

5.  Bodies  are  considered  to  be  made  up  of  small  particles. 
The  different  parts  of  a  body  may  have  different  motions,  and 
a  knowledge  of  the  motion  of  the  molecules  is  necessary  for 
judging  of  the  motion  of  the  whole. 

6.  The  successive  pl-aces  of  a  moving  particle  form  its  path. 
A  falling  body  describes  a  continuous  straight  line.  A  point  at 
the  circumference  of  a  wheel  describes  a  curve  ;  similarly,  the 
hand  of  a  watch  describes  with  its  extremity  the  circumference 
of  a  circle. 

7.  Motion  in  space  involves  duration  and  hence  time.  Time 
is  the  measure  for  the  duration  of  a  motion.  Time  and  space 
determhie  motion.     Both  are  continuous. 

8.  If  s  =  length  of  the  path  or  space  passed  over  in  the 
time  tf  an  infinite  number  of  relations  may  exist  between  them, 
but  all  relations  may  be  classified  into  three  groups  : — 

(a)  The  ratio  of  space  and  time  is  constant  during  the  mo- 
tion.    (Uniform  motion.) 

(6)  The  space  increases  more  rapidly  than  the  time.  (Accele- 
rated motion.) 

(c)  The  space  decreases  in  equal  successive  times.  (Retarded 
motion.) 

9.  In  uniform  motion  the  ratio  -  is  independent  of  the  abso- 

t 

lute  value  of  s  and  t.     The  ratio  |  is  called  the  velocity,  and 

velocity  denotes  in  this  case  the  space  travelled  over  in  the  unit 
of  time.  If  the  time  is  less  than  one  second,  the  velocity  means 
the  space  which  would  have  been  traversed  if  the  motion  has 
lasted  one  second.  (Examples :  Rotation  of  the  earth.  Hand 
*  of  a  watch.     Light.) 

10.  Velocities  not  strictly  uniform  may  often  be  considered 
as  uniform  by  introducing  an  average  velocity,  ■  It  is  the  velocity 
required  by  a  particle  for  moving  over  the  same  space  in  the 
same  time,' if  the  motion  were  uniform.     (Examples:  Revolu- 
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tion  of  the  Earth.     Mill-wheel,  water  in  a  river,  a  train,  wind, 
fly-wheel  of  an  engine.) 

1 1 .  The  average  or  mean  velocity  approximates  to  the  true 
motion  the  more,  the  shorter  is  the  space  and  the  time  taken, 
from  vrhich  it  is  determined. 

12.  Variable  motions  are  those  in  which  the  velocity  is 
variable.  Such  a  velocity  may  thus  be  represented  geometri- 
cally.     Let,  in  fig,    131,  the  line   0  t  represent  the  time  of 


Fig.  X30. 

motion.  Let  a  line  perpendicular  to  otj  o  a,  represent  the 
velocity  at  the  beginning  of  the  motion,  and  let  a  series  of  such 
perpendiculars  represent  the  velocity  at  any  instant,  then  a  z 
will  exhibit  the  variations  of  velocity  during  the  time  t,  and  is 
called  the  *  curve  of  velocity.  ^ 

13.  If  a  small  element  of  the  path  «  d  «,  and  d  t  the  corre- 

ds 
sx>onding  element  of  time,  then  since  ~  =  v,  d  s^^vdt   Hence 

CL  t 

dsia  determined  by  multiplying  vhy  dt. 

14.  The  area  of  the  figure  nm  qp  gives  the  space  passed 
over  in  the  time  from  n  to  m.  The  whole  space  is  0  at  z,  that 
is,  the  area  of  0  at  z. 


tJL 

1                "--^   »^eZ.,;/!y 

■J 

i               ^                      1 

•                                >                                                                                                        > 

1          !                                !! 

Si                          ! 

0 

Time,  -   b 

1  Fig.  131. 

15.  The  curve  of  velocity  in  uniform  motion  is  a  straight 
t?  line,  as  in  fi^,  1 30,  and  the  area  of  the  rectangle  otaz=^oty^oa 
il    «Vt  =  space. 

16.  If  the  curve  of  velocity  is  an  inclined  straight  line. 
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as  infg.  132,  forming  with  t  the  angle  zan,  then  the  motion 
increases  with  the  time.  If  o  a  « the  initial  velocity  -  v.,  then  the 
final  velocity,  that  is, 

t2=:V,-«,+/e  ,         ,         .         .       (I.) 


Fig.  132. 

This  is  'unifamily  ctccelerated  motion.     The  area  of  the 
figure  is  a  trapezium,  hence — 


(n.) 


Putting  into  (n.)  for  V,  its  value  r,  +/ 1,  we  have — 

f  2  f 2/ 

From  which  V/=  »j2j  s  +  v? 
17.  When  the  initial  velocity  is  «0>  these  formulae  become 
respectively — 

•^    '        2  2         2/         ^2/«, 


(III.) 

(IV.) 


18.  When  the  curve  of  velocity  is  a  straight  line  inclined, 
as  in  fig.  133,  downwards,  the  motion  is  uniformly  retarded, 
and  the  formulse  become — 


or  <  = 

r-'Vy. 

•1 

::r=^ 

~+_4,_^ 

1 

71. 

1 

1     ^^""^"^ — --__ 

1 

i    1   i 

^ 

0 

2 

a          3 

Fig.  133. 
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=  Vt 


2 

2 
2/ 


(I.) 
(II.) 

(m.) 

-Xiv.) 
(V.) 


tJ»^/v=»-2/«  . 

19.  The  fall  of  a  body  Ib  a  uniformly  accelerated  motion ; 
the  ascent  of  a  body  thrown  upwards  is  uniformly  retarded. 
The  acceleration  of  falling  bodies  is  usually  denoted  by  g.  It 
equals  in  London  32*18  feet.  The  retardation  of  bodies  thrown 
upwards  is  equal  to  the  acceleration  of  falling  bodies. 

20.  The  path  of  a  point  is  a  line,  of  which  the  form  and 
direction  depend  on  various  relations.  A  ball  moved  in  the 
direction  of  a  ship  moves  with  a  velocity  compounded  of  that 
of  both  ;  the  resultant  velocity  is  either  the  sum  or  the  diflTer- 
ence  of  both. 

21.  If  the  direction  differs,  the  residtant  direction  of  motion 
can  neither  be  one  nor  the  other.  Let  A  6,  6  c,  c  d,  in  fig,  134, 
represent  the  velocity,  that  is,  the  spaces  passed  over  by  the  ball 


in  successive  equal  times,  and  a  b,  b  c,  c  n  represent  the  spaces 
passed  over  by  the  ship.     Now  the  whole  path  a  h  moves,  hence 

the  ball  arrives  at  a,  &c.,  and  since  —  =  :^,  the  path  is  a 

Ba     c/3 

straight  line,  and  A  y  represents  at  a  definite  instant  the  magnir 

tude  and  direction.    Since  the  motion  is  uniform,  the  spaces  a  d, 

A  d,  A  y  are  as  the  velocities  in  the  three  directions,  and  since 

D  y  parallel  A  cZ,  a  D  parallel  dy,  a  y  is  in  direction  and  magni- 
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tude  the  diagonal  of  the  parallelogram  constructed  of  the  mag- 
nitudes of  the  velocities  and  the  directions  of  the  two  motions 
represented  by  adjacent  sides. 

22.  The  two  sides  represent  the  component  yelocities,  the 
diagonal  the  remUa/tU  velocity.  The  law  is  the  parallelogram 
of  velocities.  It  is  established  by  observation,  and  by  the  well- 
known  fact  upon  which  it  rests,  that  bodies  obey  different 
motions  at  the  same  time. 

23.  The  three  quantities  form  a  triangle,  hence  the  solution 
of  a  triangle  is  in  all  cases  required  for  determining  the  whole. 

163.  Stattoal  probtoBu.  —  The  following  problems  are 
f oimded  on  the  principles  explained  in  the  preceding  chapters 
in  reference  to  the  resolution  and  composition  of  forces,  and 
will  serve  to  illustrate  several  other  points  in  the  solution  of 
mechanical  problems. 

(i)  A  By  Jig,  135,  is  a  beam,  b  c  a  string  ;  both  having  respec- 
tively the  inclinations  to  the  vertical  =  a,  and  6.  Find  the  pres- 
sure on  A,  the  weight  of  the  beam  being  given. 


Calling  the  pressure  p,  and  the  weight  w,  the  sides  of  the 
triangle  g  d  b  are  parallel  to  the  forces  acting,  viz., 
D  E  to  the  tension  of  the  string, 
G  B  to  the  pressure  on  a, 
G  D  to  the  weight. 
From  the  figure  it  follows  that 

p:w::gb:gd:;Jad:gd 

p^W. AD 
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If  a  D  »  07,  in  the  A  b  o  d, 

G B  :  X  : ;  sin  ^  :  sin  (a-^) 
0!  sin  ^ 


183 


In  A  A  a  D, 


sin  (a  —  6) 


=  AG. 


AD*=AO^  +  GD*  — AG  .  G  D  COS  a 


_  a?»  sin^  e 
"sin'*(a-^)" 


2  ic^  sin  ^  .  cos  a 
sin(a-^) 


lD=X    / ^ 


sin^^ 


sin2(a-<9) 


2  sin  ^  cos  a 
sin  {a  —  B)' 


P==^      /     B"^^  ^  J      2  sin  ^  cos  g 

2  V    sin='(a-^)  sin(a-^)* 

(2)  M  and  N,  in  fig.  136,  are  two  points  in  a  horizontal  line. 
To  M  a  string  is  fastened  equal  to  half  the  distance  between 

^ N 


CT^- 


Fig.  136. 


M  and  N.  To  n  another  string  is  fastened,  passing  through  a 
ring,  which  is  attached  to  the  end  of  the  other  string,  and 
carrying  a  weight,  w,  at  its  extremity.  Find  the  condition  of 
equilibrium. 

The  tension  in  c  n  must  be-w.      Hence  m  c  produced 
bisects  L  N  0  w. 

Then  ncx  =  xow  =  dcm; 

but  M  C  N  +  N  O  X« 90°  +  ^  +  D  C  M  . •.  M  ON  =90**  f  ^. 

Similarly  mnc  +  ^  +  mcn=i8o° 

,*,  MN0=l8o°-^  — MON 

=  i8o°-^-(9o°  +  ^).-,MN  0  =  90*^-2^; 

but  M  N  :  L  0 : :  2  :  I : :  sin  (90°  +  ^) :  sin  (90°— 2  ^) : :  cos  ^  :  cos  2  ^ 

.  •.  cos  ^  =  2  cos  2  ^  =:  2  (i  — 2  cos^  3) 

.•.2«4cos*^— cos^,  which  gives  B  ; 

and  the  angles  being  known,  n  c  may  be  determined  in  terms 

of  MO. 

(3)  Two  equal  weights  are  connected  by  a  string  passing 
over  two  fixed  pulleys,  situated  in  a  horizontal  line.     Between 
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the  two  pulleys  a  weight,  equal  to  p  V3  is  suspended  to  the 
string.  Find  the  angle  now  formed  by  the  string  and  the  hori- 
zontal line  drawn  from  one  pulley  to  the  other. 

When  there  is  equilibrium  the  tension  in  the  two  parts  of 
the  string  is  equal  in  each  to  p,  and  these  two  tensions  are 
balanced  by  the  weight  p  \/^  which  is  their  resultant. 
But  since  k'  -  p'  +  q'  +  2  p  q  cos  d 
.•,here(p>/J)3»2P«  +  2P«co8dor3P«-2P«  =  2P«cos^ 

(4)  A  weight,  w,  rests  on  an  inclined  plane,  supported  by 
three  forces,  each  equal  to  ^  w.  These  three  forces  act  thus  : 
one  yertically  upwards,  one  horizontally,  one  parallel  to  the 
plane.  Find  from  this  the  inclination  of  the  plane  to  the  hori- 
zon. 

Resolving  all  effects  parallel  to  the  plane,  we  haye— 
2 
—  w  .  cos  (90  — a)  a  ^  w  +  i  w  cos  a,  a  being  the  inclination. 

.'  •  2  sin  a  a  I  +  cos  a,  &c  . 

(5)  Three  particles,  a,  b,  c,  whose  weights  are  proportional 
to  3,  2,  I,  are  placed  so  that  ab"5,  30^4,  oa»2  feet.  Find 
the  distance  of  their  common  centre  of  gravity  from  c. 

Let  B  be  the  centre  of  gravity  of  a,  b. 
.'.BE  :  AE  1:3  :  2 

BE  :  BE  +  AB  ::  3  :  5.*.BEa3. 

AB 

Now  we  have  to  find 

C  B  from  0B^aBC^  +  BE^-2BC.  BECOSB 

/4'  +  5'-2»\ 


V  2  .  4  .  5  /• 


=4»  +  3«-2.  7  .z^ 
Having  found  c  e,  we  find  b  g  from  c  a  :  E  a : :  5  :  i,  &c. 


(6)  A  platform,  a  B,/gr.  137,  turning  on  a  hinge  at  b,  is  sup- 
ported at  A  by  a  chain  a  d,  fixed  at  d  vertically  above  b.    A 
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weight  w  is  placed  on  the  platform  at  a  given  distance,  q,  from 
B.  Find  the  tension  of  the  cord,  and  the  pressure  on  the 
hinge. 

Let  p»  tension. 

w  a  weight  of  platform, 
a  » length  „ 

BO"  perpendictdar  distance  of  b  from  a  d.    Let  also  b  n  -  ^. 

Then  we  must  have  for  equilibrium,  if  c  the  centre  of  gravity 
of  platform — 

P  X  B  o  «  w  X  b  w  +  tt?  X  b  c. 
ButBG^^a         and  BO  :  bd::ab  :  AD 

BO  :  7i  ::    a  :  Va*  +  K^ 
B0«     ah 

. •.  p  X --^=.  =  w.  g  +  w.  i a, 

or  p  =  ^^  \     (2  w.  flf  +  w,a\ 
2  ah 

If  6  given— 

p.  a.  sin  d  =  w.  2  +  tt7.  J  a 

2  w.  flf  +  a.  tt? 

pa  i- — __ 

2  a  sm  ^ 
and  if  tension  is  given — 

8ind-^-^^ii±?^. 
2ap 

(fi)  To  find  the  pressure  on  the  hinge.  Let  G^  be  the  centre 
of  gravity  of  weight  w,  and  weight  w  of  bar  a  b.     Let  b  Cj  =  c. 

Oj  y  is  the  direction  and  magnitude  of  this  pressure  if  0^  n 
«w  +  w. 

To  find  L  A  B  Oi  we  have  because  AabD'^AaGjOi 
GjOi :  AGi  ::  BD  :  AB 

CiOi :  a—c  ::  h  :  a.\G^o^^  ^^""^^    ; 

B  Ci         a  c 
To  find  the  magnitude  of  Oj  y  we  have — 

bo,  =  >/bCi«  +  OiCi«  =  ^c«  +(^-y^' 

«i\/a«c»  +  (a-c)»/i»; 
but  the  triangle  o^  b  d  is  similar  to  A  o^  y  e, 


.'.Oiy  :  ey  ::  OjB  :  bd 
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.•.Oiy  =  (w  +  M?).  -\^a»c»  +  (a-c)«/i» 


W  +  1;0 


(7)  A  smooth  beam  rests  upon  a  prop  0,  in  fig.  138,  and  the 
extremity  rests  against  a  wall  e  p  ;  the  prpp  is  i  foot  from  the 
wall.  How  long  must  the  beam  be,  to  rest  at  an  angle  of  30° 
•to  the  vertical  ? 


Fig.  138. 

The  resistance  of  the  wall  acts  in  the  direction  e  m  ;  that  of 
the  prop  in  the  direction  L  n.  Hence,  the  weight  of  the  beam 
acting  along  G  l,  the  point  a  must  be  perpendicular  above  £. 

TT  E  H      B  C        •      ^_o      E  L 

Hence  —  =  —  -sm30°  =  — , 

£  0      EL  £0 

or  E  H  =  E  c  sin  30° 

B  0  =  E  L  sin  30**.*.  E  H  =  B  L  siu'*  30*^ 


EL  =  EG  Sin  30", '.B  H  =  BGSm'30  , 
T  -  -  -    - 

or  BG  = 


I  2 

,  ,•.  length  of  beam^-r 


sm'*  30' 


sm"*  30 


(8)  A  B,  fi^,  1 39;  is  a  beam  of  which  one  end  a  is  held  up  by  a 
string,  and  the  other  end  b  rests  against  a  smooth  vertical  wsdl : 
required  the  direction  in  which  the  string  must  pull  to  keep  the 
beam  at  rest. 

AG      AE 


Because  e  g  is  parallel  to  b  o .  * 


GB      EC 
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but  o  middle  point  of  a  b 
.  .  B       „  „         AC, 

and  B  c  -  2  E  o. 

li  B-  angle  of  beam  with  vertical 
a-       „        string        „ 

.   j.««  a      B  B    . B  B       B  B 

,  ,tan^  =  — ,  tan  a  =  —  « 

EG  BG      2Ea 

•  '.tan^s2  tana. 


187 


C 

7 

/  i  ^x 
/  Y 

1 7/^ 

A                           I 

) 

Fig.  139. 

(9)  AB,  BCfJig.  140,  are  two  smooth  planes  inclined  to  the 
horizon,  e  f  a  beam  resting  with  its  extremities  on  the  planes  ; 
having  given  the  inclination  of  one  of  the  planes  and  of  the 
beam,  to  find  what  the  inclination  of  the  other  plane  must  be  to 
keep  the  beam  at  rest. 

The  resistances  of  the  two  planes  act  along  £  h,  f  h,  the 
weight  of  the  beam  along  h  g. 

If  the  two  angles  were  given,  which  the  planes  make  with 
the  horizon,  then  their  complements  are  the  angles  which  they 
make  with  the  vertical ;  hence  let  a,  ^  be  the  angles  with  the 
horizon,  6  that  of  beam  with  the  vertical.  The  relation  of  these 
angles  follows  thus : 

In  A  E  G  H  G  H  :  G  E  ::  sin  (^  -  a)  :  sin  a 

In  A  G  H  F  G  H  :  G  F  : :  sin  (^  +  3)  :  sin  3.     But  g  e  =  g  f 

.  sin(^-a)_sin(^  +  g) 

•  •  — ' • — 7;     9 

sin  a  sm  p 
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sin  ^008  a— COB  ^  sin  tt  ^  Bm^ooB/S-t-oofl^Bm/S 
sin  a  sin/3 

sin^cota  — co8^>-Bindooti3  +  cosd 
sin  ^  CO  t  a — sin  B  cot  )3  «  2  cos  0 
sin  ^  (cot  a  —  oot /3)  "  2  COB  ^ 
^  (cot  g  — cot /3)  *  cot  ^, 
which  expresses  the  relation. 


(lo)  A  rectangular  block,  iL^fig.  141,  is  being  oyertumed 
upon  the  edge  A,  by  a  force  p  applied  at  the  opposite  edge.    Find 


Pig.  X41. 

the  magnitude  of  this  force,  if  k  a  » 10  ft.,  a  0 = 4  ft.,  the  length 
of  the  block  ==  20  ft.,  and  one  cubic  foot  of  the  material  weighs 
100  lbs. 

The  moment  of  the  force  which  overturns,  is  P  .  ka.     The 
moment  of  the  weight  is  w.  ^  a  b. 
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The  block  contains  20  x  10  x  4  «  800  cubic  feet. 
. ' .  weight  80,000  lbs. 
.'.p.  10  «  80,000x2 
p       =  16,000  lbs. 

(11)  A  rope  A  i>fjig.  142,  50  feet  long,  supports  a  uniform 
pole,  o  D,  length  40  feet,  resting  on  the  ground  at  o,  and  carry- 


Vig.  14a. 

ing  the  weight  w  suspended  from  n.  If  aob20  ft.,  and  w 
=  300  cwt.,  while  the  pole  itself  weighs  2  cwt.,  find  the  ten- 
sion of  the  rope. 

Let  o  p  be  perpendicular  on  a  d,  g  r  the  vertical  from  the 
centre  of  gravity. 

Tension  x  o  p  =  pole  xeo  +  wxon. 
Since  ^^^^  A  -  y  50-H 40^20  (^^_^^^^g^_^^)(^^_^^^ 

"  ^^5S  •  5  •  IS-  35=  380  nearly. 
.-.5^^1^  =  380,  OP=I5-2 


2 
20XDN 


=  380,  DN  =  38 


ON  =  V4o2 -333  =  12-5 

OE  =  JofON         =6-25. 

Tension^3oxi2'5  ^2x6-2 
152 
Or,  generally,  if  w  =  weight  of  pole. 
Tension  of  rope  x  o  p  =  weight  of  pole  x  o  e  +  weight  x  o  n 

LetoD«a,.'.op  =  a«ina;  ON  =  aco«d ;  oe  =  Jon«-co«^. 

2 

,*.  Tension  =2  «*  -; —  (^  "^  J  'm^)' 

; 8%7ha 

a  8ina 
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CHAPTER  XII. 

MOLEOULAB  FORCES. 

164.  Aotlon  of  moleenlar  forees. — It  has  been  demonstrated 
in  a  former  chapter,  that  the  space  included  within  the  external 
surface  of  the  body  is  not  all  occupied  by  the  matter  compos- 
ing that  body.  We  have  seen  that  bodies,  however  dense  or 
ponderous,  are  capable  of  being  diminished  in  their  volume  by 
compression,  or  by  diminution  of  temperature.  It  follows, 
therefore,  that  the  component  particles  forming  the  mass  of  a 
body  of  uniform  density  are  uniformly  distributed  throughout 
its  volume,  each  particle  being  separated  from  those  around  it 
by  a  space  of  greater  or  less  extent  unoccupied  by  matter  of  the 
same  kind. 

These  interstitial  spaces  are  the  regions  which  form  the 
theatre  of  action  of  those  important  physical  phenomena  which 
are  causally  referred  to  what  are  called  molecular  forces.  A 
multitude  of  phenomena,  familiar  to  all  observers,  show  that 
between  the  particles  which  compose  the  mass  of  a  body,  there 
are  exerted  attractive  or  repulsive  forces,  the  sphere  of  whose 
action  is  in  general  limited  to  distances  imperceptible  to  the 
senses,  while  their  existence  only  admits  of  being  proved  by 
indirect  means. 

165.  Cobesion. — The  qualities  of  solidity  and  hardness,  and, 
in  general,  those  properties  by  which  a  body  resists  fracture  or 
flexure,  or  any  other  derangement  of  its  form,  arise  from  the 
energy  with  which  its  component  particles  attract  each  other  and 
resist  any  force  which  tends  to  separate  them. 

Molecular  attraction  manifested  in  this  manner  is  called  the 
attraction  of  cohesion. 

166.  Adbesion. — If  the  surfaces  of  two  bodies  be  brought 
into  very  dose  contact,  it  is  found  that  they  cannot  be  separated 
without  the  exertion  of  some  force  of  greater  or  less  intensity, 
according  to  the  circumstances  of  the  contact. 

Molecular  force  manifested  in  this  manner  is  called  the 
attraction  of  adhesion, 

167.  Capillary  attraction. — Certain  bodies  being  placed  in 
contact  with  a  fluid,  the  fluid  will  enter  their  dimensions  and 
occupy  their  pores ;  as,  for  example,  when  a  sponge  or  a  liimp  of 
sugar  is  brought  in  contact  yfith  water.    The  fluid  in  these  cases 
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rises  in  opposition  to  its  gravity,  and  fills  all  the  interstices  of  the 
sponge  or  the  sugar.  Molecular  force  manifested  in  this  manner 
is  called  capillary  ati/raction,^  The  effects  of  this  force  are  ex- 
plained in  detail  in  the  volume  on  Hydrostatics  in  this  seriesv 

168.  diemloal  afflnitj'. — When  two  bodies  of  different 
kinds  are  brought  together,  their  constituent  particles  will  in  cer- 
tain cases  unite,  and  form  by  their  combination  the  constituent 
particles  of  a  compound,  differing  in  its  physical  and  chemical 
qualities  from  either  of  the  components.  For  example,  if  two 
gases  called  oxygen  and  hydrogen  be  mixed  together  in  a  certain 
proportion,  and  a  light  be  applied  to  the  mixture,  an  explosion 
will  take  place  ;  the  atoms  of  the  two  gases  wiU  imite  one  with 
another,  and  the  entire  mass  will  be  converted  into  water,  the 
weight  of  the  water  being  exactly  equal  to  the  sum  of  the 
weights  of  the  two  gases.  In  this  case,  each  atom  of  the  oxygen 
is  attracted  by  two  atoms  of  hydrogen,  and  their  combination 
forms  a  molecule  of  water. 

Molecular  attraction  manifested  in  this  manner  is  called 
ch&mical  attraction  or  chemical  affmity. 

169.  Tlie  atomic  attraction  and  repnloion. — It  has  been 
shown  that  all  bodies  submitted  to  the  action  of  mechanical 
forces  of  sufficient  energy  are  capable  of  being  compressed  and 
diminished  in  their  volume.  By  such  means,  therefore,  their 
component  particles  are  forced  into  closer  proximity. 

But  all  of  these  resist  such  compression  with  a  certain  force, 
and  most  of  them  have  a  tendency  to  recover  the  volume  which 
they  had  before  compression.  This  general  fact  indicates  the 
existence  of  another  force,  contrary  in  its  direction  to  the  at- 
traction of  cohesion,  the  sphere  of  whose  action  is  Tvdthin  that  of 
the  latter  attraction.  To  explain  this  phenomenon  we  are  com- 
pelled to  suppose  that  each  atom  composing  a  body  is  surroun- 
ded with  a  sphere  of  repulsion  within  which  adjacent  atoms 
cannot  enter  unless  urged  by  a  certain  force.  But  outside  this 
sphere  of  repulsion  there  exists  the  sphere  of  attraction,  by 
which  such  atoms  attract  all  the  surrounding  atoms,  which  gives 
the  character  of  solidity  and  hardness  to  the  mass.  These  rela- 
tive molecular  movements  are,  however,  at  present  referred 
to  other  principles,  of  which  a  brief  acccount  is  given  in  the 
Introduction  to  the  volume  on  Hydbostatics  in  this  series. 

170.  Bxampleo  of  molecnlar  action. — The  attraction  of  co- 
hesion is  manifested  in  solid  bodies  by  the  force  which  is  neces- 
sary to  derange  their  form  by  fracture  or  flexure,  or  by  any 

*  So  called  from  capiHOy  a  hair ;  the  magnitude  of  the  interatioes  being  in  this 
case  estimated  at  about  the  thickness  of  a  hair. 
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other  change  of  figure.  The  same  force  is  manifested  in  liquids 
in  their  tendency  to  form  into  spherical  drops,  a  globe  being  the 
greatest  volume  which  can  be  contained  within  a  given  surface, 
the  spherical  form  being  determined  by  the  equality  of  cohesive 
attraction  in  ajl  directions. 

Thus  particles  of  water  falling  in  the  atmosphere  attract  each 
other,  and  collect  in  spherules  forming  rain.  If  such  spherules 
after  their  formation  be  exposed  to  cold,  they  harden  and  form 
round  hailstones.  If  a  little  mercury  be  let  fall  on  a  sheet 
of  i)aper,  it  ¥rill  collect  in  small  silvery  globules,  notwithstand- 
ing the  tendency  of  the  gravity  of  its  particles  to  make  it  spread 
over  the  paper  in  fine  dust.  Innumerable  examples  present 
themselves  of  this  class  of  phenomena.  The  tear  as  it  falls  from 
the  eye  collects  in  a  spherule  upon  the  cheek  ;  the  dew  forms  a 
translucent  globule  on  the  leaves  of  plants. 

The  manufacture  of  shot  presents  one  of  the  most  striking 
examples  of  this  phenomenon  in  the  arts.  The  lead,  in  a  state 
of  fusion,  is  poured  into  a  sieve,  the  meshes  of  which  determine 
the  magnitude  of  the  shot,  at  the  height  of  about  two  hundred 
feet  from  the  ground.  The  shower  of  liquid  metal,  after  pass- 
ing through  the  sieve,  forms,  like  rain  in  the  atmosphere,  sphe- 
rules, which,  before  they  reach  the  ground,  are  cooled  and 
solidified. 

These  spherules  form  the  common  shot  used  in  sporting,  and 
the  precision  of  their  spherical  form  shows  how  regularly  the 
liquid  obeys  the  geometrical  and  physical  laws  which  have 
been  ah'eady  stated  as  the  causes  of  its  formation. 

This  disposition  of  fluids  to  assume  the  spherical  form  maybe 
further  elucidated  in  considering  that  any  other  figure  which  a 
body  could  take  would  necessarily  place  different  parts  of  its 
surface  at  different  distances  from  its  central  point,  a  circum- 
stance which  would  be  incompatible  with  the  combined  qualities 
of  attraction  of  cohesion  and  fluidity.  By  fluidity,  all  the  par- 
ticles forming  the  mass  are  free  to  move  amongst  each  other,  and 
by  the  attraction  of  cohesion  they  are  drawn  round  their  common 
centre  with  the  same  force.  To  suppose  that  they  could  rest  at 
different  distances  from  their  common  centre,  would  necessarily 
involve  the  supposition  either  that  the  attraction  by  which  they 
are  affected  was  unequal,  or  that  the  mass  had  not  perfect 
fluidity. 

This  principle,  which  is  so  evident,  may  be  converted,  and  we 
may  assume  that  in  all  cases  where  natural  bodies  are  found  in 
the  spherical  form,  even  though  they  be  solid,  they  must  have 
been,  at  the  epoch  of  their  formation,  in  a  fluid  state. 
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Hence  it  is  inferred  that  the  earth  and  the  other  bodies  of 
the  solar  system  were  once  fluid,  and  that  our  globe  existed  for- 
merly in  a  liquid  state. 

The  mutual  repulsion  of  the  atoms  of  gases  is  manifested  by 
their  indefinite  expansibility  and  compressibility.  Air  included 
in  a  cylinder  under  an  air-tight  piston  will  expand  so  as  to  fill 
the  increased  volume  as  the  piston  is  drawn  up,  and  to  this  ex- 
pansion there  is  no  practical  limit.  This  has  been  explained  by 
supposing  that  around  each  molecule  of  the  air  or  gas  there  is  a 
sphere  of  repulsion,  so  that  each  particle  repels  those  around  it. 
Wheii  the  piston  is  raised  to  twice  its  former  height,  the  air 
beneath  it  wiU  expand  into  double  its  former  volume. 

In  this  case  it  must  be  concluded  that  the  vacant  spaces  be- 
tween the  particles  of  air  are  twice  as  great  as  they  were  before 
the  piston  was  raised.  If  the  piston  be  again  raised  to  double 
its  present  height,  the  same  effect  will  take  place.  The  air  will 
again  expand  in  virtue  of  the  repulsive  force  prevailing  among 
its  particles,  and  the  interstitial  spaces  separating  the  particles 
will  be  proportionally  augmented. 

There  is  no  known  limit  to  this  expansive  quality,  and  it 
*  consequently  follows  that  the  region  through  which  the  repul- 
sive forces  of  gases  act  has  a  corresponding  extent. 

Methods  are  explained  in  the  volume  on  Heat  in  this  series 
by  which  several  of  the  gases  have  been  reduced  to  the  liquid 
state,  and  analogy  justifies  the  conclusion  that  all  gaseous  bodies 
are  capable  of  this  change.  In  the  liquid  state,  the  attraction 
of  cohesion  is  rendered  manifest,  as  has  been  already  shown. 
But  we  have  a  still  further  evidence  that  the  attraction  of  cohe- 
sion is  only  latent  amongst  the  particles  of  gases,  inasmuch  as 
some  of  them  have  been  reduced  to  the  solid  state  ;  and  by 
analogy  we  may  conclude  that  aU  are  capable  of  this  change. 
It  has  been  already  shown  that  the  solid  state  is  only  a  conse- 
quence of  the  attraction  of  cohesion. 

These  and  other  phenomena  lead  to  the  conclusion  that  in 
this  case  of  the  gaseous  bodies,  there  exists  beyond  the  sphere 
of  cohesion  an  inherent  molecular  motion  producing  apparently 
the  phenomenon  of  repulsion.  When  the  particles,  either  by 
the  application  of  cold  or  compression,  or  both  of  these  agencies, 
are  brought  into  such  close  contact  as  to  be  within  the  sphere  of 
cohesion,  then  they  become  a  liquid  or  solid,  as  the  case  maybe. 

The  mutual  repulsion  found  to  prevail  among  the  constituent 
particles  of  bodies  is  generally  attributed  to  the  agency  of  heat, 
and  it  is  certain  that  the  energy  of  this  repulsion  is  increased, 
or  diminished,  according  as  heat  is  imparted  to  or  subtracted 

o 


Digitized 


by  Google 


-J 


Digitized 


by  Google 


A 


MOLECULAR  FORCES.  195 

pends.      The  driving-wheels  press  with  a  great  weight  upon  the 
rails,  and  are  made  to  revolve  round  their  own  centres  by  the 
force  of  the    engine.      If  there  were  no  adhesion,  or  even  in- 
sufficient adhesion  T>etween  the  tire  of  the  wheel  and  the  rail  on 
which  it  is  pressed,  the  wheel  would  turn  without  advancing  ; 
and    this    actually    does  happen   in  cases  where  the  rails  are 
greasy,  and  very  frequently  when  they  are  covered  with  a  lioai 
frost,  the   contact   being  then  interrupted,  and  the  matter  be- 
tween the  wheel  and  the  rail  not  offering  the  necessary  adhesion. 
On  the    other    hand,  when  the    force  applied  to  l)re:ik  the 
adhesion  is  directed  perpendicularly  to  the  adhering  surfaces,  a 
fluid  or   unctuous   matter  smeared  upon  the  surface  often  in- 
creases the  adhesive  force. 

Thus  two  metallic  plates  will  adhere  with  greater  ff)rco  to- 
gather  ii  they  are  smeared  with  oil  than  wlien  tluiy  are  clean. 
This  may  partly  arise,  however,  from  the  fact,  that  tlio  fihii  of 
oil  which  covers  them  excludes  air  more  effectually  ihim  could 
be  accomplished  in  the  case  of  surfaces  so  considerable  by  mere 
pxessure. 

The  effect  known  amongst  workers  in  metal  as  the  hlfv  is  the 
adhesion  of  two  metallic  surfaces  brouglit  into  extrenu'ly  close 
contact.  It  may  be  doubt^nl  wliether  this  adliesicm  would  not 
be  diminished    if    some   fluid  were  introduced  l)ctwccn  the  sur- 

^suces. 

The  adhesion  of  the  surface  of  solids  may  l)e  rondcn-d  more 
intense  than  even  the  cohesion  of  the  particles  of  tlio  solids 
fhemselves  by  interposing  between  them  some  snbstanco  in  a 
V  efied  form,  vehicli  hardens  by  cold,  and  which  wIkmi  hanl  has 
iensth  equal  to  or  greater  than  that  of  the  soli. Is  which  it 
^'l  Ghies,  cements,  and  solders  supply  rcmarkabh.  ex- 
unites.  ^^^^^  ^^^.^  pieces  of  wood  glno.l  toi^^.tluT  will  break 
ampies  ^^^j^'^j.  than  at  their  joint.  The  ].roceHS(^s  of  gilding 
anywfter  supply  examines  of  the  adhesion  of  metals  to 

and  plating   **^- 

each  other.     ^^^^      ^^    silvering   mirrors  is    an   exam])le   of    the 
•      ^f  metal  to  glass  ;  and  that  of  mortar  in  building  is  an 
adhesion  ^^  adhesion  of  earthy  mattt^rs  to  each  other, 

example  ot  ^^    caoutchouc,  if  pressed  together  uixm  freshly 

Twopiec  ^^^  .^^  £^,,,j,(|  to  unite  as  completely  as  if  they 
cut  surfaces,      ^        ^yjendent  piece. 
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from  bodies.  In  a  aolid  body,  such  as  a  mass  of  gold,  in  its 
ordinary  state,  the  attraction  of  cohesion  between  its  particles 
greatly  predominates  over  the  influence  of  the  repulsion  already 
mentioned  ;  but  if  heat  be  applied  to  this  mass,  the  energy  of 
the  repulsion  is  gradually  increased,  until  at  length  it  becomes 
so  nearly  equal  to  that  of  cohesion,  that  the  gravity  of  the 
particles  overcomes  that  part  of  the  cohesion  not  balanced 
by  the  repulsion,  and  the  constituent  parts  of  the  mass  no 
longer  holding  together  in  the  solid  form,  the  metal  is  converted 
into  a  liquid.  If  heat  be  still  applied  to  this  liqtdd,  the  tempe- 
rature will  rise  and  the  liquid  will  expand  ;  but  after  a  certain 
quantity  of  heat  has  been  imparted  to  it,  the  repulsive  force  be- 
tween the  particles  themselves  is  so  gi'eat,  that,  in  Spite  of  their 
gravity  and  of  the  attraction  of  cohesion,  they  separate  and 
disperse  into  a  vapour  which  possesses  the  qualities  of  a  gas, 
being  capable  of  expanding  without  limit. 

Thus  it  appears  that  the  same  body  may  exist  in  the  solid, 
liquid,  and  gaseous  forms,  according  to  the  conditions  under 
which  it  is  placed  in  reference  to  heat. 

171.  Adbeslon  of  solids. — If  the  surfaces  of  two  pieces  of 
metal,  being  rendered  perfectly  smooth,  are  brought  into  close 
contact  by  a  strong  pressure,  they  wiU  adhere  together  with  con- 
siderable force.  That  this  adhesion  is  not  due  to  atmospheric 
pressure  can  be  demonstrated  by  showing  that  the  adhesion  will 
continue  in  a  vacuum.  In  this  case  the  superficial  molecules  of 
the  two  bodies  are  brought  into  contact  so  close  as  to  be  within 
the  sphere  of  each  other's  attraction. 

Innumerable  examples  of  the  adhesion  of  solid  bodies  are 
familiar  to  daily  experience.  We  may  write  with  chalk,  or  with 
a  pencil,  or  charcoal  on  a  wall  or  on  a  ceiling,  although  the 
effect  of  gravity  would  be  to  cause  the  particles  abraded  from 
the  chalk,  the  lead,  or  the  charcoal  to  fall  from  the  wall  or  the 
ceiling.  Dust  floating  in  the  air  sticks  to  the  waU  or  ceiling,  in 
spite  of  the  tendency  due  to  its  gravity  to  fall  from  them. 

The  force  of  adhesion  of  solid  surfaces  one  to  another  may  be 
ascertained  by  placing  the  adhering  surfaces  in  a  horizontal  po- 
sition, the  lower  one  being  attached  to  a  fixed  point,  and  the 
upper  one  connected  with  the  arm  of  a  balance.  The  weight 
necessary  to  separate  them  is  the  measure  of  the  adhesion.  If 
we  desire  to  ascertain  the  amount  of  adhesion  per  square  inch 
of  surface,  it  is  only  necessary  to  divide  such  weight  by  the  mag- 
nitude of  the  adhering  surface  expressed  in  square  inches. 

It  is  on  the  adhesion  between  metallic  surfaces  when  pressed 
strongly  together  that  the  efficacy  of  a  locomotive  engine  de- 
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pends.  The  driving-wheels  preas  with  a  great  weight  upon  the 
rails,  and  are  made  to  revolve  round  their  own  centres  by  the 
force  of  the  engine.  If  there  were  no  adhesion,  or  even  in- 
sufficient adhesion  between  the  tire  of  the  wheel  and  the  rail  on 
which  it  is  pressed,  the  wheel  would  turn  without  advancing ; 
and  this  actually  does  happen  in  cases  where  the  rails  are 
greasy,  and  very  frequently  when  they  are  covered  with  a  hoai 
frost,  the  contact  being  then  interrupted,  and  the  matter  be- 
tween the  wheel  and  the  rail  not  offering  the  necessary  adhesion. 

On  the  other  hand,  when  the  force  applied  to  break  the 
adhesion  is  directed  perpendicuhuriy  to  the  adhering  surfaces,  a 
fluid  or  unctuous  matter  smeared  upon  the  surface  often  in- 
creases the  adhesive  force. 

Thus  two  metallic  plates  will  adhere  with  greater  force  to- 
gether if  they  are  smeared  with  oil  than  when  they  are  clean. 
This  may  partly  arise,  however,  from  the  fact,  that  the  film  of 
oil  which  covers  them  excludes  air  more  effectually  than  could 
be  accomplished  in  the  case  of  surfaces  so  considerable  by  mere 
pressure. 

The  effect  known  amongst  workers  in  metal  as  the  bite  is  the 
adhesion  of  two  metallic  surfaces  brought  into  extremely  close 
contact.  It  may  be  doubted  whether  this  adhesion  would  not 
be  diminished  if  some  fluid  were  introduced  between  the  sur- 


The  adhesion  of  the  surface  of  solids  may  be  rendered  more 
intense  than  even  the  cohesion  of  the  particles  of  the  solids 
themselves  by  interposing  between  them  some  substance  in  a 
liquefied  form,  which  hardens  by  cold,  and  which  when  hard  has 
a  strength  equal  to  or  greater  than  that  of  the  solids  which  it 
unites.  Glues,  cements,  and  solders  supply  remarkable  ex- 
amples of  this.  Two  pieces  of  wood  glued  together  will  break 
anywhere  rather  than  at  their  joint.  The  processes  of  gilding 
and  plating  also  supply  examples  of  the  adhesion  of  metals  to 
each  other. 

The  process  of  silvering  mirrors  is  an  example  of  the 
adhesion  of  metal  to  glass  ;  and  that  of  mortar  in  building  is  an 
example  of  the  adhesion  of  earthy  matters  to  each  other. 

Two  pieces  of  caoutchouc,  if  pressed  together  upon  freshly 
cut  surfaces,  will  be  found  to  unite  as  completely  as  if  they 
composed  one  independent  piece. 
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THEORY     OF     MACHINERY. 


CHAPTER  XIII. 

GENEBAL  PRINCIPLES. 

172.  mriiat  eonstitates  a  maoMne. — A  macliine  is  an  instru- 
ment or  apparatus  by  which  a  force  applied  at  a  certain  point, 
and  having  a  certain  definite  intensity  and  direction,  is  made  to 
exert  a  force  at  another  point,  more  or  less  distant  from  the 
former,  and  generally  different  in  intensity  and  direction.  Thus, 
for  example,  a  horse  moving  on  a  hori^ntal  road  in  a  circle  is 
made  to  raise  a  weight  vertically  in  the  shaft  of  a  mine,  or  water 
from  the  shaft  of  a  well. 

Men  pulling  at  a  rope  in  some  direction  more  or  less  oblique 
are  enabled  to  raise  a  mass  of  heavy  matter  from  the  hold  of  a 
ship,  and  to  transfer  it  to  an  adjacent  wharf. 

173.  Deflnitlons  and  general  oonslderatlons. — The  force 
which  is  applied  to  and  transmitted  by  a  machine  is  technically 
called  the  power ;  the  point  at  which  it  is  applied  is  called  the 
point  of  application ;  its  direction  is  the  line  in  which  the  force 
has  a  tendency  to  make  the  point  of  application  move  ;  and  ils 
intensity  is  usually  expressed  by  a  weight  which,  acting  at  the 
sama  point  of  application,  would  produce  a  like  effect  upon  it. 

The  moving  powers  applied  to  and  transmitted  by  machinery 
are  inJ&nitely  various.  In  the  capstan  of  a  ship,  the  moving 
power  is  human  force  applied  to  it ;  in  a  common  pump,  the 
same  moving  force  is  used ;  a  horse  is  the  moving  power  applied' 
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to  veliicles  of  transport  on  common  roads,  and  a  steam  engine 
on  railways  ;  the  wind  is  the  moving  power  applied  to  a  sailing- 
vessel,  and  to  a  windmill ;  the  momentum  of  water  acting  against 
the  float-boards  of  a  wheel,  or  its  weight  acting  in  the  buckets, 
is  the  moving  power  of  a  water-wheel ;  the  elastic  force  of  steam 
acting  on  the  piston  in  the  cylinder  is  the  moving  power  of  the 
steam-engine. 

That  part  of  a  machine  which  is  immediately  applied  to  the 
resistance  to  be  overcome  is  called  the  working  point 

The  resistance,  whatever  be  its  nature,  to  which  the 
working  point  is  applied,  is  technically  called  the  weight  or  load. 
In  many  cases  weight  is  the  actual  resistance  which  machines  are 
applied  to  overcome  ;  as,  for  example,  in  raising  water  from  a 
well  or  from  mines  ;  also  in  raising  ore.  In  some  cases  the  re- 
sistancSe  to  be  overcome  is  friction,  used  for  the  purpose  of  frac- 
turing and  pulverising  material  substances,  that  is,  of  over- 
coming cohesion.     This  is  the  case  in  flour-mills. 

In  some  cases  the  resistance  to  be  overcome  is  the  friction  of 
surfaces,  and  the  resistance  of  the  air.  This  is  the  case  when 
carriages  are  moved  on  level  roads  or  railways. 

Whatever  be  the  nature  of  the  resistance,  a  weight  which 
would  produce  an  equivalent  force  acting  against  the  moving 
power  may  be  assigned.  Thus,  for  instance,  if  the  traces  of  a 
carriage  drawn  by  horses,  or- the  chain  connecting  a  locomotive 
with  a  railway  train,  be  stretched  by  the  resistance  of  the  car- 
riage or  the  train,  a  weight  may  be  substituted,  which,  being 
suspended  vertically  from  the  traces  or  the  chain,  would  produce 
the  same  tension.  The  resistance  in  such  case  is  expressed  by 
stating  the  amount  of  this  weight. 

In  the  exposition  of  the  theory  of  machinery,  it  is  expedient 
to  omit,  in  the  flrst  instance,  the  consideration  of  many  circum- 
stances, of  which,  however,  a  strict  account  must  be  subsequently 
taken  before  any  practically  useful  application  of  them  can  be 
made.  A  machine,  such  as  we  must  for  the  present  contemplate 
it,  is  a  thing  which  can  have  no  real  or  practical  existence.  Its 
various  parts  are  considered  to  be  free  from  friction.  Thus,  the 
surfaces  composing  it,  which  move  in  contact  with  each  other, 
are  assumed  to  be  perfectly  smooth  and  polished ;  the  solid 
parts  are  aU  considered  to  be  absolutely  rigid  and  inflexible. 

The  weight  and  inertia  of  the  matter  composing  the  machine 
itself  are  wholly  neglected,  and  we  reason  upon  it  as  if  it  were 
divested  of  these  qualities.  Cords,  ropes,  and  chains  are  supposed 
to  have  neither  stiflhess,  thickness,  nor  weight ;  they  are  regarded 
as  mathematical  lines,  infinitely  flexible  and  infinitely  strong. 
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Finally,  the  machine,  when  it  moves,  is  assumed  to  encomiter 
no  resistance  from  the  air,  and  to  be  in  all  respects  circumstanced 
as  if  it  were  in  vacuo. 

These  suppositions  being  all  imaginary,  it  follows  that  none 
of  the  consequences  immediately  deduced  from  them  can  be  true* 
Nevertheless,  as  it  is  the  business  of  art  to  bring  machines  as 
near  to  tliis  state  of  ideal  perfection  as  possible,  the  conclusions 
which  are  thus  obtained,  though  false  in  a  strict  sense,  yet  deviate 
from  the  truth  in  no  considerable  degree. 

These  conclusions  may,  in  fact,  be  regarded  as  a  first  approxi- 
mation to  truth. 

The^arious  efiects  which  have  been  previously  neglected  are 
afterwards  taken  into  account.  The  roughness  of  surfaces,  the 
imperfect  rigidity  of  the  solid  parts,  the  imperfect  flexibility  of 
cords  and  chains,  the  resistance  of  the  air  and  other  fluids,  and 
the  efiects  of  the  weight  and  inertia  of  the  machine  itself,  are 
afterwards  severally  examined,  their  properties  explained,  and 
the  manner  in  which  they  modify  the  transmission  of  the  power 
to  the  weight  developed.  These  modifications  and  corrections 
being  applied  to  the  conclusions  obtained,  a  second  approximation 
to  the  truth  is  made,  but  still  only  an  approximation  ;  for,  in 
investigating  the  laws  which  govern  the  several  effects  last 
mentioned,  we  are  compelled  to  proceed  upon  a  new  group  of 
imaginary  suppositions. 

To  determine  the  laws  which  regulate  the  friction  of  surfaces, 
it  is  necessary  to  assume  that  the  surfaces  are  uniformly  rough, 
and  subject  to  uniform  pressure  ;  that  the  solid  parts  which  are 
imperfectly  rigid,  and  the  cords  and  chains  which  are  imperfectly 
flexible,  are  constituted  throughout  their  entire  dimensions  of  a 
uniform  material,  so  that  the  imperfections  do  not  prevail  more 
in  one  part  than  in  another.  Thus,  all  irregularity  is  left  out  of 
account,  and  a  general  average  of  the  efiects  taken.  It  is  obvious, 
therefore,  that,  even  in  this  second  system  of  reasoning,  we  have 
still  failed  in  obtaining  a  result  exactly  conformable  to  the  real 
state  of  things.  But  it  is  equally  obvious  that  we  have  obtained 
one  much  more  conformable  to  that  state  than  had  been  previously 
accomplished  ;  and,  in  fine,  it  is  found  that  the  conclusions  thus 
obtained  are  sufiiciently  near  the  truth  for  practical  purposes. 

The  imperfections  in  our  process  of  investigation,  manifested 
in  this  laborious  system  of  successive  approximation  to  the  truth, 
is  not  peculiar  to  Physics.  It  pervades  all  departments  of 
natural  science.  In  Astronomy,  the  motions  of  the  celestial 
bodies,  and  their  various  changes  and  appearances  as  developed 
by  theory,  assisted  by  observation  and  experience,  consist  of  a 
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like  series  of  approximations  to  the  real  motions  and  appear- 
ances wliich  take  place  in  nature. 

It  is  the  same  in  Art.  The  tirst  labours  of  the  artist  produce 
from  the  rude  block  of  marble  a  rough  and  rude  resemblance  of 
the  human  form.  The  next  attempts  remove  the  greater  in- 
equalities and  protuberances,  and  reduce  the  form  to  a  closer  re- 
semblance to  the  original.  It  is  not,  however,  until  after  a  long 
succession  of  operations,  in  wliich  smaller  and  smaller  portions 
of  the  stone  are  detached,  that  the  last  labour  of  the  cliisel  of 
the  master  completes  the  resemblance. 

174.  Maoliines  provisionally  regarded  Independent  of 
iveiiTlit  and  resistances  to  motion. — We  shall,  therefore,  for 
the  present  consider  the  machine,  by  which  the  effect  of  the 
power  is  transmitted  to  the  working  point,  as  divested  of  weight 
and  inertia  ;  we  shall  consider  all  the  pivots,  axles,  and  surfaces 
which  move  in  contact  absolutely  devoid  of  friction  ;  we  shall 
consider  all  cords,  ropes,  and  chains  to  be  absolutely  and  per- 
fectly flexible,  and  to  be  moved  in  contact  with  the  grooves  and 
wheels  without  friction  ;  and,  in  fine,  we  shall  consider  the 
machine  itself,  as  well  as  the  agent  exerting  the  power,  and  the 
matter  composing  the  weight,  to  move  without  resistance  from 
the  air  or  any  other  fluid. 

The  exposition  of  the  effects  of  machinery  is  often  invested 
with  the  appearance  of  paradox.  Astonisliment  is  excited  at  what 
seems  incompatible  with  the  results  of  common  experience, 
rather  than  admiration  of  the  genius  and  skill  by  which  simple 
and  obvious  principles  are  so  applied  as  to  produce  unexpected 
results. 

Thus  it  is  stated  that,  by  means  of  a  machine,  a  power  of 
comparatively  insignificant  amount  is  capable  of  supporting  or 
raising  a  vast  weight  ;  as,  for  example,  it  is  atfirnied  that  the 
fingers  of  an  infant  pulling  a  thread  of  fine  silk,  which  a  pound 
weight  could  snap  asunder,  are  capable  by  this  or  that  machine 
of  supporting  or  raising  several  liundred weight. 

Statements  like  these,  if  literally  understood,  are  fallacious  ; 
if  rightly  explained,  they  involve  nothing  which  is  not  consistent 
with  our  habitual  experience. 

In  every  machine  there  are  some  fixed  points  or  props,  and 
the  arrangement  of  the  parts  is  always  such  that  all  that  portion 
of  the  weight  not  directly  acting  against  the  power  is  distributed 
among  these  props.  If  the  weight,  for  example,  amount  to  20 
cwt.,  it  is  possible  so  to  arrange  it  that  any  proportion  of  it,  how- 
ever great,  may  be  thrown  ujion  the  fixed  points  or  props  of  the 
machine  :  the  remaining  part  only  can  properly  be  said  to  be 
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supported  by  the  power,  and  this  part  so  supported  can  never  be 
greater  than  the  power.  Considering  the  effect  of  a  machine  in 
this  manner,  it  appears  that  the  power  supports  just  so  much  of 
the  weight,  and  no  more,  as  is  equal  to  itself,  and  that  all  the 
remaining  part  of  the  weight  is  sustained  by  the  machine. 

The  truth  of  this  observation  will  become  more  and  more 
apparent  when  the  conditions  are  explained,  under  which  a 
power  and  weight  can  maintain  each  other  in  equilibrium,  through 
the  intervention  of  a  machine,  whether  simple  or  complex 

But  if  the  power,  instead  of  merely  supporting  the  weight  at 
rest,  be  employed  to  raise  this  weight  a  given  height,  it  may  be 
asked  how  it  can  be  explained  that  a  power  indefinitely  small 
can  lift  a  weight  indefinitely  great.  The  paradoxical  character 
of  this  statement  arises,  as  is  the  case  generally  in  such  proposi- 
tions, from  the  omission  of  an  important  condition.  It  is  quite 
true  that  a  feeble  power  is  capable  of  raising  a  great  weight,  but 
it  is  necessary  to  add  that  in  doing  this,  the  feeble  power  must 
act  and  move  through  a  space  just  so  much  greater  than  that 
through  which  the  weight  is  raised,  as  the  weight  itself  is  greater 
than  the  pqwer.  Thus,  if  a  weight  of  looo  lbs.  be  raised  one 
foot  by  a  power  whose  magnitude  is  only  equal  to  i  lb. ,  then 
such  power  in  raising  the  weight  must  move  through  looo  feet. 

Now  when  this  condition  is  stated,  the  proposition  is 
stripped  altogether  of  its  paradoxical  character.  There  is  nothing 
at  all  astonishing  in  the  fact,  that  one  thousand  successive 
exertions  of  a  force  of  one  pound,  each  exertion  being  made 
through  the  space  of  one  foot,  should  raise  a  looo  lbs.  weight 
through  the  height  of  one  foot.  There  is  nothing  more  surpris- 
ing in  such  a  fact  than  if  the  looo  lbs.  weight,  being  divided 
into  looo  equal  parts,  were  raised  by  a  thousand  successive 
efforts  of  the  power  without  the  intervention  of  any  machinery. 

175.  Different  relations  of  po-wer  and  welgrlit. — It  will  be 
necessary  to  consider  the  effect  produced  by  means  of  a  machine 
under  three  distinct  relations  between  the  power  and  weight, 
viz., 

I.  When  the  power  equilibrates  with  the  weight. 
II.  When  the  power  is  greater  than  that  which  equili- 
brates with  the  weight. 

in.  When  the  power  is  less  than  that  which  equilibrates 
with  the  weight. 

The  power  and  weight  are  said  to  be  in  equilibrium  when 
they  are  so  related  to  each  other  that  when  placed  at  rest  they 
will  remain  so.  It  is  a  great,  but  very  common  error,  to  sup- 
pose that  equilibrium,  as  applied  to  a  machine,  necessarily  im- 
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plies  rest  or  the  absence  of  motion.  It  is  easy  to  show  that  if 
the  power  and  weight,  being  in  equilibrium,  are  put  in  uniform 
motion,  they  will  continue  that  uniform  motion  exactly  as  a 
mass  of  matter  would  do  in  virtue  of  its  inertia,  if  moving  in- 
dependently of  any  machine ;  for  if  we  were  to  suppose  that 
such  motion  would  cease  either  suddenly  or  gradually,  we  must 
necessarily  ako  suppose  a  definite  force  applied  to  the  machine 
to  stop  its  motion.  Since  the  power  and  weight  are  in  equi- 
librium, they  cannot  of  themselves  stop  or  retard  the  motion. 
It  is  true  that  the  motion  will  in  practical  applications  be 
gradually  retarded,  but  that  will  be  the  effect  of  friction  and 
atmospheric  resistance,  both  of  which  are  at  present  excluded 
from  consideration. 

We  cannot,  on  the  other  hand,  suppose  the  uniform  motion 
imparted  to  the  power  and  weight  to  be  accelerated,  without 
supposing  the  application  of  some  adequate  force  to  produce 
such  acceleration,  the  power  and  weight  being  excluded  by  the 
very  condition  of  their  equilibrium. 

Let  us  suppose  the  power  and  weight  to  be  connected  with 
the  machine  by  cords,  by  which  they  are  suspended  from  their 
respective  points  of  application,  both  being,  as  usual,  repre- 
sented by  equivalent  weights.  Now  the  cords  by  which  they 
are  suspended  will  be  stretched  with  the  same  force  whether  the 
power  and  weight  be  at  rest  or  in  uniform  rectilinear  motion  ; 
and  consequently  the  relation  between  them  in  both  cases  must 
be  the  same. 

176.  Equilibrium  Involves  eitber  rest  or  uniform  mo- 
tion.— The  most  common  state  of  machines  which  are  under  the 
operation  of  equilibrating  forces,  is  that  of  uniform  motion,  and 
not  that  of  rest,  as  commonly  stated.  If  a  wind  or  water-mill 
be  in  regular  operation,  its  driving-wheel  moving  with  a  uniform 
speed,  then  the  power  of  the  wind  or  water  will  be  in  equili- 
brium with  the  resistance,  whatever  that  may  be.  If  a  steam  en- 
gine be  in  regular  operation,  its  piston  will  move  at  a  uniform 
rate,  and  the  force  of  the  steam  upon  it  will  be  in  equilibrium 
with  the  resistance  which  it  is  applied  to  overcome.  If  a  loco- 
motive engine  draw  a  railway  train  at  a  imif orm  speed,  then  the 
power  exerted  by  the  engine  will  be  in  equilibrium  with  the  re- 
sistance opposed  to  the  motion  of  the  train. 

177.  Znvestigration  of  different  general  oases. — Let  us 
now  consider  the  case  in  which  the  power  is  greater  than  that 
which  equilibrates  with  the  weight  of  resistance.  In  this  case 
the  motion  imparted  to  the  object  moved  will  be  accelerated  ; 
for  so  much  of  the  power  as  would  equilibrate  with  the  weight 
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or  resistance  would  impart,  as  has  been  already  shown,  a  uni- 
form motion  to  the  object  moved.  The  surplus  power  abore  this 
amount,  therefore,  must  be  employed  in  accelerating  the  motion. 

For  example,  if  a  locomotive  engine  exert  a  greater  power 
than  is  equivalent  to  the  resistance  opposed  by  the  train  which 
it  moves,  then  such  excess  of  power  can  only  act  upon  the 
mass  of  the  train,  and  will  impart  to  it  an  equivalent  amount 
of  motion.  So  long  as  this  surplus  power,  therefore,  acts^ 
the  mass  of  the  train  will  receive  from  it  a  corresponding  aug- 
mentation of  its  momentum,  and  consequently  will  receive  a 
proportionate  increase  of  speed.  If  the  resistance,  however, 
opposed  by  the  train  to  the  moving  power  augments  with  the 
speed,  then  it  may  at  length  become  equal  to  the  amount  of  the 
moving  power  ;  and  when  it  does,  their  equilibrium  is  estab- 
lished, and  the  train  is  moved  by  the  power  at  a  uniform  speed. 

These  conditions  are  by  no  means  imaginary.  They  are 
realized  in  every  case  in  which  a  train  is  started  from  a  state  of 
rest,  and  in  general  when  any  machine  whatever  is  first  put 
in  motion. 

The  power  in  commencing  its  action  must  necessarily  be 
greater  than  the  resistance  opposed  by  the  load  ;  for  if  it  were 
not,  it  would  only  equilibrate  with  the  resistance,  and  no  motion 
would  ensue.  The  surplus  power  is  absorbed  by  the  momentum 
acquired  by  the  moving  mass  ;  and  as  the  velocity  augments, 
more  and  more  momentum  is  imparted.  The  velocity  will  at 
length  become  uniform,  either  because  the  energy  of  the  power 
will  be  diminished,  so  as  to  become  equal  to  the  resistance,  or 
because  the  resistance  will  be  augmented,  so  as  to  become  equal 
to  the  power  ;  or,  in  fine,  as  most  generally  happens  in  practice, 
bo'th  of  these  effects  are  combined,  the  resistance  increasing  and 
the  power  diminishing.  This  is  always  the  case,  therefore,  when 
a  machine  is  impelled  by  a  surplus  power,  and  when,  on  the 
other  hand,  there  is  a  less  than  ordinary  resistance  on  the  side 
of  the  machinery  and  of  the  load.  When  first  starting,  the  ve- 
locity being  inconsiderable,  the  resistance  of  the  air  and  other 
agencies  depending  upon  speed  is  less.  As  the  velocity  increases, 
these  resistances  augment.  This  augmentation  of  resistance, 
however,  as  the  speed  increases,  is  generally  much  less  than  the 
diminution  of  the  moving  power ;  in  short,  a  considerable  sur- 
plus power  is  generally  necessaiy,  at  starting,  to  impart  to  the 
load  and  to  the  moving  parts  of  the  machinery  the  necessary 
momentum.  But  after  this  momentum  has  once  been  imparted, 
then  nothing  remains  for  the  power  but  to  balance  the  resistance 
of  the  load,  properly  so  called. 
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This  excess  above  the  equilibrating  power  and  the  accele- 
rated motion  are  reciprocal  consequences.  Such  excess  necessa- 
rily infers  the  accelerated  motion  of  the  load,  and  the  accelerated 
motion  of  the  load  indicates  such  excess . 

Effects  directly  the  reverse  of  these  are  developed  when  the 
power  applied  is  inferior  to  that  which  would  equilibrate  with 
the  weight.  Let  us  suppose,  in  this  case,  the  machine  to  have 
been  in  uniform  motion,  and  therefore  the  power  and  weight  to 
have  been  in  equilibrium.  Let  the  power  then  be  diminished 
by  any  amount,  however  small :  the  moment  this  diminution 
takes  place  equilibrium  is  destroyed,  the  power  becomes  inferior 
to  the  resistance,  and  there  is  an  action  in  a  direction  contrary 
to  that  of  the  power,  and  therefore  contrary  to  that  of  the 
motion  which  the  load  had  already  acquired,  equivalent  in 
amount  to  the  difference  between  the  resistance  and  the  power. 
This  force  will  act  against  the  energy  of  the  load,  and  will 
continually  diminish  it,  until,  at  length,  it  brings  the  load  to 
rest.  From  the  moment,  therefore,  that  the  power  becomes 
less  than  the  resistance,  the  motion  of  the  load  will  be  gradually 
retarded.  The  inferiority  of  the  power  to  the  resistance,  and 
a  gradually  retarded  motion,  are,  therefore  reciprocal  conse- 
quences of  each  other. 

It  may  be  useful  to  illustrate  still  further  these  effects,  which 
are  of  considerable  importance  in  practice.     Let  us  suppose  the 
resistance  which  a  machine  is  em- 
ployed to   overcome  to  be  repre- 
sented by  the  weight  a,  fig,  143, 
and    let    the    power    which    acts 
against  such  resistance  through  the 
intervention  of  the  cord  a  b  c  be    • 
represented    by   the    force   of   an 
animal  h.     When  the  animal  is  at 
rest  before  starting,  the  cord  a  b  g  h 
is   stretched  with  a  force  exactly 
equal  to  that  of  the  weight.    When 
the  power  begins  to  move,  a  mo- 
mentum is  imparted  to  the  weight  ^^*  '^^* 
through  the  intervention  of  the  cord.     The  cord  is  therefore 
stretched  with  an  additional  force  proportional  to  this  momentum. 
The  speed  of  the  power  gradually  increases  from  the  moment  its 
motion  commences  until  it  attains  that  speed  which  is  continued 
imiform.  During  this  increase  of  the  speed  of  the  power  h,  a  cor- 
responding and  continual  increase  of  momentum  is  imparted  to 
the  weight  a,  and  consequently,  during  this  interval,  the  tension 


Digitized 


by  Google 


204  THEORY  OF  MACHINERY. 

of  the  cord  is  constantly  greater  than  the  weight.  When,  how- 
ever, the  speed  of  the  power  h  becomes  oniform,  then  no  fur- 
ther momentum  will  be  imparted  to  the  weight,  and  the  force 
exerted 'by  the  power  will  diminish  so  as  to  become  exactly 
equal  to  the  weight.  During  this  uniform  motion  the  tension 
of  the  cord  will  be  the  same  as  it  would  be  if  the  power  and 
weight  were  at  rest. 

When  the  weight  approaches  its  point  of  destination,  and  is 
about  to  be  brought  to  rest,  the  power  slackens  its  exertion,  and, 
at  the  moment  that  it  becomes  less  than  the  weight,  a  moving 
force  takes  effect  equal  in  intensity  to  the  difference  between 
the  power  and  weight  directed  from  b  to  a.  But  against  this 
there  is  the  momentum  of  the  weight  directed  from  a  to  b  in 
virtue  of  the  uniform  velocity  with  which  it  had  been  moving. 
The  moving  force,  therefore,  from  b  to  a,  represented  by  the 
difference  between  the  power  h  and  the  weight  a,  will  act 
against  this  momentum,  and  will  gradually  diminish  it. 

Although  the  upward  motion  of  the  weight,  therefore,  will 
continue  after  the  diminution  of  the  power,  it  will  be  gradually 
retarded,  and  after  a  certain  interval  wUl  be  altogether  ex- 
hausted, and  the  weight  will  come  to  rest. 

These  effects  take  place  in  all  machines  whatever  when  they 
are  started  and  stopped,  and  the  circumstances  and  mechanical 
laws  which  govern  them  are  precisely  the  same  as  in  the  illus- 
tration here  given. 

178.  Proper  ftmotions  of  a  maobine.— The  use  of  a 
machine  is  to  adapt  the  power  to  the  resistance.  If  the  intensity, 
direction,  and  velocity  of  the  power  were  identical  with  the  in- 
tensity and  direction  of  the  resistance,  and  the  velocity  required 
to  be  imparted  to  it,  then  there  would  be  no  need  of  a  machine  ; 
the  power  might  be  applied  immediately  to  the  resistance.  But 
if  a  power  of  feeble  intensity  is  required  to  act  against  a  great 
resistance,  then  a  machine  must  be  interposed  which  will  aug- 
ment the  intensity  of  the  power.  Or  if  a  power  moving  in  one 
direction  be  required  to  impart  motion  to  a  resistance  in  another 
direction,  then  a  machine  must  be  interposed  which  will  trans- 
mit the  effect  of  the  power  to  a  new  direction.  Or  if  a  power 
having  a  certain  velocity  be  required  to  impart  a  greater  or  less 
velocity  to  the  resistance,  then  a  machine  must  be  interposed 
which  will  modify  the  velocity  in  the  required  proportion. 

But  even  these,  though  the  principal,  are  only  a  few  of  the 
infinite  varieties  of  change  and  modification  which  machines  are 
required  to  effect  in  the  transmission  of  the  power  to  the  resist- 
ance.    Independently  of  the  directions,  intensities,  and  veloci- 
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ties  of  the  moving  power  and  resistance,  the  character  of  the 
respective  motions  may  differ  in  an  infinite  variety  of  ways  : 
thus  the  moving  power  may  be  one  which  acts  with  a  reciprocat- 
ing motion  between  two  points ;  as,  for  example,  that  of  the  pis- 
ton of  a  steam-engine  ;  and  this  moving  power,  again,  may  be 
required  to  produce  a  continuous  motion  in  a  straight  line,  like 
the  motion  of  a  train  along  the  railway. 

The  machine  which  connects  such  a  power  with  such  a  weight 
must  therefore  be  so  constructed  as  to  convert  the  reciprocating 
motion  between  two  points  into  a  continuous  motion  in  a  straight 
line. 

The  moving  power  may  act  in  a  straight  line,  while  the  re- 
sistance requires  a  circular  motion.  Thus,  the  wind  which  acts 
upon  the  arms  of  a  windmill  is  a  continuous  rectilinear  force. 
The  millstones  to  which  that  force  is  transmitted,  revolve  by  a 
continual  circulai*  motion  around  vertical  axes.  The  machi- 
nery of  the  windmill  must  therefore  be  adapted  to  convert 
the  rectilinear  force  of  the  wind  into  the  circular  motion  of 
the  stones. 

In  every  class  of  machines,  and  in  every  individual  machine 
of  each  class,  the  relation  between  the  velocities  and  directions 
of  the  power  and  weight,  and  the  change  produced  in  the  char- 
acter of  the  motion  of  the  power  when  transmitted  to  the 
weight,  depend  solely  on  the  structure  of  the  machinery. 

No  variation  in  the  magnitude  of  the  power  and  weight  can 
alter  this  relation.  Thus  the  ratio  of  the  velocities  of  the  power 
and  weight  on  a  lever  or  an  inclined  plane,  so  long  as  their  form 
and  proportions  remain  the  same,  will  be  unaltered,  and,  what- 
ever power  or  weight  be  applied  to  them,  they  will  have  that 
particular  ratio. 

179.  Wo  maoblne  can  really  add  to  tlie  meoliaiiloal 
enorgry  of  tlie  power. — A  machine  being  composed  of  inert 
matter  cannot  generate  force,  and  consequently  the  working 
point  cannot  do  more  work  than  is  transmitted  to  it  from  the 
point  of  application  of  the  power. 

It  will,  in  fact,  exert  less,  because  friction  and  other  sources 
of  resistance  must  intercept  a  portion  of  the  action  of  the  power 
in  its  transmission  from  its  point  of  application  to  its  working 
point ;  but  as,  for  the  present,  the  consideration  of  this  species 
of  resistance  is  neglected,  and  machines  are  considered  as  exempt 
from  them,  we  shall  assume  that  the  influence  of  the  power  is 
transmitted  undiminished  to  the  working  point.  But  it  is  im- 
portant on  the  other  hand  to  rememberj  that  no  more  moving 
force  can  be  so  transmitted. 
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I  So.  Metbod  of  meaavrtiiflr  work. — The  work  done  by  the 
power  is  determined  by  multiplying  the  weight  which  is  equiva^ 
lent  to  it,  by  the  space  through  which  it  is  moved  ;  and,  on  the 
other  hand,  the  work  done  by  the  resistance  is  also  estimated 
by  multiplying  the  weight  which  is  equivalent  to  this  resistance 
by  the  space  through  which  it  is  moved. 

The  moving  force,  as  work  has  until  recently  been  often 
called  in  practice,  of  the  power  is  determined  in  the  same  man- 
ner as  the  moving  force  of  a  weight  equivalent  to  it,  and 
moving  with  the  same  velocity,  would  be  determined.  Thus,  if 
we  multiply  the  power,  or  its  equivalent  weight,  by  the  space 
through  which  it  moves  in  a  given  time,  that  is  to  say,  by  its 
velocity,  we  shall  obtain  a  product  which  expresses  its  moving 
force  or  mechanical  effect. 

This  latter  product  is  also  sometimes  called  the  moment  of 
the  power.  Thus  if  p  express  the  power  and  p  the  space  through 
which  it  moves  in  one  second,  then  p  x  ^  will  be  its  rnoment. 
In  like  manner,  the  moving  force  imparted  to  the  resistance  at 
the  working  point  will  be  expressed  by  multiplying  the  resist- 
ance, or  the  weight  equivalent  to  it,  by  the  space  through  which 
it  is  moved  in  a  given  time.  Thus  if  wbe  the  weight,  and  w  the 
space  through  which  it  is  moved  in  one  second,  then  w  x  u?  will 
be  the  moving  force  of  the  weight,  and  this  product  is  called  the 
mx)ment  of  the  weight. 

The  relation  between  the  moments  of  the  power  and  weight 
determines  their  mechanical  state. 

Three  cases  are  here  presented  : — 

I.  When  the  moment  of   the  power  is  equal  to  the 
moment  of  the  weight ;  that  is,  when 
p  X  p  «  w  X  m 

II.  When  the  moment  of  the  power  is  greater  than  the 
moment  of  the  weight ;  that  is,  when 
p  X  |)  is  greater  than  w  x  w. 
III.  When  the  moment  of  the  power  is  less  than  the 
moment  of  the  weight ;  that  is,  when 
p  X  jp  is  less  than  w  x  m 

In  the  first  case,  it  is  manifest  that  the  power  and  weight 
will  be  in  equilibrium,  and  that  they  will  be  either  at  rest  or  in 
uniform  motion.  For,  since  the  moment  of  the  power  is  the 
expression  of  its  moving  force,  and  since  this  moving  force  is 
transmitted  without  increase  or  diminution  by  the  machinery  to 
the  weight,  and  since,  by  the  supposition  we  have  made,  it  is  equal 
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to  the  moving  force  of  the  weight,  these  two  forces  must  balance 
each  other,  and  therefore  be  in  equilibrium. 

The  condition  therefore  of  equilibrium  is,  that  the  moment 
of  the  power  is  equal  to  the  moment  of  the  weight,  or 
p  X  p  -  w  X  w. 

If  the  moment  of  the  power  be  greater  than  the  moment  of 
the  weight,  then  the  moving  force  of  the  power,  exceeding  that 
of  the  weight,  and  being  transmitted  to  the  working  point  un- 
diminished, will  prevail  over  it,  and  the  power  and  weight  must 
either  have  an  accelerated  motion  in  the  direction  of  the  power, 
or  a  retarded  motion  in  the  direction  of  the  weight. 

If  the  moment  of  the  power  be  less  than  the  moment  of  the 
weight,  then  the  moving  force  of  the  power  being  transmitted 
to  the  weight  and  being  less  than  the  moving  force  of  the  latter, 
the  latter  will  prevail,  and  therefore  the  power  and  weight  must 
have  either  a  retarded  motion  in  the  direction  of  the  power,  or 
an  accelerated  motion  in  the  direction  of  the  weight. 

If  the  moments  of  the  power  and  weight  be  equal  we  may 
infer  that  the  power  will  bear  to  the  weight  the  same  ratio  as  the 
velocity  of  the  weight  bears  to  the  velocity  of  the  power,  or 
T  :  w  ::  w  :  p  ; 

or,  as  it  is  sometimes  expressed,  the  power  and  weight  will  be  to 
each  other  inversely  as  their  velocities.  This  is  another  mode, 
then,  of  expressing  the  conditions  under  which  the  power  and 
weight  will  be  in  equilibrium. 

The  considerations  eontained  in  the  preceding  articles  will 
be  stni  further  extended,  in  accordance  with  more  modem  con- 
ceptions, in  the  chapter  on  work  and  energy. 

181.  Power  always  grained  at  tlie  expense  of  time. — It 
is  this  inverse  proportion  which  is  intended  to  be  expressed, 
when  it  is  said  that  power  is  never  gained  save  at  the  expense 
of  time  ;  the  meaning  of  which  is,  that  if  a  small  power  work 
against  a  great  resistance,  the  rate  at  which  it  moves  the  resist- 
ance will  be  just  so  much  slower  than  that  at  which  the  power 
itself  moves,  as  the  resistance  is  greater  than  the  power. 

This  condition  of  equilibrium,  when  rightly  understood, 
removes  all  paradox  from  the  statement  of  the  effects  of  machi- 
nery. A  small  power  working  through  a  large  space,  raising  a 
great  weight  through  a  small  space,  is  merely  an  expedient  by 
which  a  feeble  power  is  enabled  to  accomplish  its  task,  by  a  long 
succession  of  efforts,  without  dividing  the  weight.  To  raise  the 
weight  of  a  ton  by  a  single  effort  one  foot,  would  require  a  force 
equivalent  to  the  weight  of  a  ton.     But  if,  by  the  intervention 
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of  a  machine,  a  power  is  enabled  to  aocompliah  this  object  by 
224odiBtinct  efforts,  each  effort  working  through  one  foot,  then 
such  power  need  not  be  more  than  one  pound,  or  2240  efforts 
made  through  the  space  of  one  foot,  each  effort  exerting  the 
force  of  one  pound,  will  be  mechanically  equivalent  to  2240  lbs., 
or  one  ton  raised  through  one  foot,  and  the  effect  produced  will 
be  the  same  as  if  the  weight  were  actually  divided  into  2240 
eqiial  parts,  and  the  power  applied  successively  to  raise  each  of 
these  parts  one  foot. 

A  very  inadequate  estimate  would,  however,  be  formed  of 
the  objects  and  the  utility  of  machinery,  if  we  were  to  suppose 
them  only  directed  to  this  particular  class  of  problems.  Cases 
innumerable  occur,  on  the  contrary,  where  small  resistances  are 
moved  by  great  powers.  For  example,  in  a  locomotive  engine, 
while  the  piston  in  the  cylinder  moves  once  backwards  and  for- 
wards, the  train,  which  is  the  resistance  overcome,  is  moved 
through  a  space  equal  to  the  circumference  of  the  driving-wheel. 
Now,  if  we  suppose  the  length  of  the  cylinder,  as  frequently 
happens,  to  be  one  foot,  and  the  circumference  of  the  driving- 
wheel  to  be  fifteen  feet,  then  the  velocity  of  the  piston,  or  the 
power,  will  be  to  the  velocity  of  the  train,  or  the  resistance,  as  2 
to  15  ;  and  consequently,  the  power  which  acts  upon  the  piston 
must  be  greater  than  the  resistance  of  the  train,  which  is  moved 
in  the  proportion  of  15  to  2,  omitting,  as  usual,  the  considera- 
tion of  friction,  &c.  In  like  manner,  in  a  watch  or  clock,  the 
resistance  of  the  object  moved  is  merely  that  which  is  opposed  to 
the  motion  of  the  hands  on  the  dijJ-plate,  while  the  moving 
power  is  the  energy  of  the  main-spring,  or  of  a  descending 
weight.  In  both  these  cases  it  is  obvious  that  the  power  is 
vastly  greater  than  the  weight. 

Machinery,  therefore,  may  be  stated  generally  as  being  the 
means  by  which  the  force  and  motion  of  the  power  are  modified, 
so  as  to  adapt  them  to  the  force  or  motion  which  is  required  to 
be  imparted  to  the  object  moved. 

In  all  that  precedes,  it  has  been  assumed  that  the  point  of 
application  of  the  power  moves  in  the  direction  in  which  the 
power  acts,  and  that  the  motion  imparted  to  the  working  point 
is  in  a  direction  immediately  opposed  to  the  action  of  the  weight 
or  resistance.  This,  in  fact,  is  what  generally  takes  place  in  the 
practical  construction  and  operation  of  machinery ;  for  it  is 
evident  that  if  the  point  of  application  of  the  power  were  not 
free  to  move  in  the  direction  in  which  the  power  acts,  a  part  of 
the  power  would  necessarily  be  lost ;  and  that  if  the  working 
point  did  not  move  in  a  direction  immediately  opposed  to  the 
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weight  or  resistance,  a  part  of  the  force  transmitted  to  the  work- 
ing point  would  be  inefficient.  But  as,  in  certain  cases,  these 
conditions  would  not  be  fulfilled,  it  will  be  useful  to  state  how 
the  principles  which  have  been  established  in  the  present  chapter 
must  be  modified  in  such  cases. 

If  by  the  construction  of  the  machinery  the  point  of  applica- 
tion of  the  power  moves  in  a  line  different  from  that  in  which 
the  power  acts,  then  the  effective  part  of  the  power  will  be 
found  by  the  parallelogram  of  forces. 

Let  A  {fig,  144)  be  the  point  of  application  of  the  power,  and 
let  B  be  the  working  point.  Let  a  p  represent  the  direction  of 
the  power,  and  b  w  the  direction  of  the  resistance  or  weight. 
Let  A  j>  be  the  direction  in  which  the  point  of  application  is  free 
to  move,  and  let  the  working  point  b  be  free  to  move  in  the  di- 
rection opposite  to  B  w.     Let  right-angled  parallelograms  be 


A 

T 


B 


w 


Fig.  144. 


formed,  having  for  their  diagonals  a  p  and  b  w,  representing  the 
power  and  resistance,  and  having  their  sides  in  the  direction  a  j? 
and  B  w,  in  which  the  point  of  application  and  the  working 
point  are  respectively  free  to  move. 

The  power  will  then  be  equivalent  to  two  forces  represented 
by  A  m  and  a  p ;  the  latter,  being  in  the  direction  in  which 
alone  the  point  of  application  can  move,  is  alone  effective  ;  that 
part  of  the  power  represented' by  a  w  will  necessarily  be  expended 
in  pressure  and  strain  upon  the  fixed  points  of  the  machine. 
In  like  manner  the  weight  or  resistance  represented  by  b  w  is 
equivalent  to  two  forces,  b  w  and  b  n  ;  the  force  b  w^  being  in 
the  direction  against  which  alone  the  working  point  can  act,  is 
that  portion  of  the  weight  or  resistance  which  the  working  point 
will  act  against :  the  remainder  of  the  weight  will  produce 
strain  or  pressure  on  the  fixed  point. 

In  the  application  of  the  principles  determining  the  relation 
of  the  power  and  weight  in  cases  of  equilibrium  which  have 
been  established,  in  the  present  chapter,  the  effective  portion 
only  of  the  power  and  weight  must  be  taken  into  account. 
Thus,  the  power  is  to  be  considered  as  represented  by  a  ^,  and 


Digitized 


by  Google 


2IO  THEORY  OF  MACHINERY. 

the  weight  by  b  w.  These  principles  will  be  rendered  more 
clearly  intelligible  when  they  have  been  illustrated  in  their 
application  to  the  simple  machines. 


CHAPTER  XIV. 

SIMPLE      MACHINES. 


182.  Maoliines,  simple  and  complex. — Machines  which  are 
composed  of  two  or  more  parts  acting  one  upon  another  are 
called  complex  machines.  Machines  which  consist  only  of  one 
part  are  called  simple  machines.  The  several  parts  composing  a 
complex  machine  are  themselves  simple  machines.  In  a  com- 
plex m,achine  the  effect  of  the  power  is  transmitted  successively 
through  each  of  the  parts  composing  it  until  it  reaches  the 
working  point.  The  effect  of  complex  machines  is  determined 
by  combining  together  the  separate  effects  of  the  simple  ma- 
chines of  which  they  are  composed. 

To  estimate  the  effects  of  machinery,  therefore,  it  will  be 
necessary,  in  the  first  instance,  to  explain  the  principles  of 
simple  machines. 

1 83.  Classlfloation  of  simple  macliines. — Simple  machines 
have  been  differently  enumerated  by  different  writers.  If  the 
object  be  to  group  in  the  smallest  possible  number  of  distinct 
classes  those  machines  whose  efiicacy  depends  on  the  same  prin- 
ciple, the  simple  machines  may  be  comprised  under  the  follow- 
ing three  denominations  : — 

I.  A  solid  body  turning  on  an  axis. 
II.  A  flexible  cord. 
III.  A  hard  and  smooth  inclined  surface. 
Notwithstanding  the  infinite  variety  of  macliinery,  and  of 
the  parts  composing  it,  it  will  be  found  that  those  parts  may 
invariably  be  brought  under  one  or  other  of  the  above  classes. 

184.  Conditions  of  equilibriam  in  a  maoliine  witb  a 
fixed  axis. — In  a  machine  composed  of  a  solid  bddy  turning  on 
an  axis,  all  the  parts  are  carried  round  such  axis  as  a  common 
centre,  and  describe  circles  round  it  in  the  same  time.  It  is 
evident  that  the  magnitude  of  these  circles,'  and  consequently 
the  velocities  of  the  different  parts,  will  be  proportional  to  their 
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respective  distances  from  the  axis  in  which  their  common  centre 
lies. 

But  since  it  has  been  already  shown  that  when  the  power 
and  weight  are  in  equilibrium  they  must  be  inversely  as  the 
velocities  of  the  points  to  which  they  are  applied,  it  follows  that 
any  power  and  weight  applied  to  such  a  machine  will  be  in  the 
inverse  proportion  of  their  distances  from  the  axis  when  they 
are  in  equilibrium. 

It  must  be  understood,  in  the  application  of  this  important 
principle,  that  the  power  and  weight  are  supposed  to  act  in  the 
direction  of  the  motion  of  the  parts  to  which  they  are  respec- 
tively applied.  If  they  do  not  act  in  this  direction,  then  they 
must  be  resolved  by  the  principle  of  the  composition  of  force 
into  two  forces,  one  acting  in  the  direction  of  the  motion  of  the 
point  of  application,  and  the  other  in  a  direction  passing  through 
a  point  upon  the  axis.  This  has  been  already  explained  in 
art.  181. 

185.  BKaclilnes  witb  flexible  cords. — The  second  class  of 
siniple  machines  includes  all  those  in  which  a  force  is  trans- 
mitted by  means  of  flexible  threads,  ropes,  or  chains.  The 
principle  by  which  the  effects  of  these  machines  is  estimated  is, 
that  the  tension  throughout  the  whole  length  of  the  same  cord, 
provided  it  be  flexible  and  free  from  the  effects  of  friction,  must 
be  the  same.  Thus,  if  a  force  acting  at  one  end  be  balanced  by 
a  force  acting  at  the  other  end,  however  the  cord  may  be  bent, 
or  whatever  course  it  may  be  compelled  to  take,  by  any  cause 
which  may  affect  it  between  its  ends,  these  forces  must  be  equal, 
provided  the  cord  be  free  to  move  over  any  obstacles  which  may 
deflect  it.     This  class  includes  all  the  various  forms  of  pulleys. 

186.  IXTeigrhts  npon  bard  inclined  snrfaceg. — The  third 
class  includes  all  those  cases  in  which  the  weight  or  resistance  is 
supported  or  moved  upon  a  hard  surface  inclined  to  the  direc- 
tion in  which  the  weight  or  resistance  itself  acts.  The  effects  of 
such  machines  may  be  estimated  by  the  principles  already  ex- 
plained. The  force  of  the  weight  or  resistance  being  resolved 
into  two  other  forces  by  the  principle  of  the  composition  of 
force,  one  of  these  two  forces  will  be  perpendicular  to  the  sur- 
face, and  thus  supported  by  its  reaction  ;  the  other  will  be 
parallel  to  it,  and  will  act  against  the  power. 

187.  MCeolianioal  powers. — The  first  class  of  simple  machines 
above  mentioned,  consisting  of  a  solid  body  revolving  on  an 
axis,  is  usually  subdivided  into  two. 

I  at.  The  lever,  which  consists  of  a  solid  bar,  straight  or 
bent,  resting  upon  a  prop,  pivot,  or  axis. 
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2nd.  A  cylinder  connected  wifch  a  wheel  of  much  greater 
diameter  moving  round  a  centre  or  axis.  This  combination  is 
called  the  wheel  and  axle. 

The  second  class  includes  the  pulley.  The  third  class  in- 
cludes the  simple  machines,  commonly  known  as  the  inclined 
plane,  the  wedge,  and  the  screw  ;  the  last  being,  as  will  appear 
hereafter,  nothing  more  than  an  inclined  plane  rolled  round  a 
cylinder. 

The  classes,  therefore,  of  the  simple  machines,  as  they  are 
generally  received,   and   which  are  known  as  the  mechanical 
powers,  are  the  six  following  : — 
T.  The  lever. 
II.  The  wheel  and  axle.  ' 

III.  The  pulley. 

IV.  The  inclined  plane. 
V.  The  wedge. 

VI.  The  screw. 
We  shall  accordingly  explain  these,  and  show  the  most  im- 
portant varieties  and  combinations  of  which  they  are  suscep- 
tible. 

THE   LEVER. 

1 88.  Tbree  kinds  of  lever. — A  straight  and  solid  bar  turn- 
ing on  an  axis  is  called  a  lever.  The  arms  of  the  lever  are  those 
parts  of  the  bar  extending  on  each  side  of  the  axis.  The  axis 
is  called  the  fulcrum  or  prop. 

Levers  are  commonly  divided  into  three  kinds,  according  to 
the  position  which  the  fulcrum  has  in  relation  to  the  power  and 
weight. 

If  the  fulcnun  be  between  the  power  and  weight,  as  in^. 
145,  the  lever  is  of  the  first  kind. 


I 


m\ 


Fig.  145. 


If  the  weight  be  between  the  fulcrum  and  power,  as  in^. 

146,  the  lever  is  of  the  second  kind. 

If  the  power  be  between  the  fulcrum  and  weight,  as  in^. 

147,  the  lever  is  of  the  third  kind. 

189.  Conditlong  of  equilibrium. — Of  whatever  kind  the 
lever  may  be,  the  conditions  of  equilibrium  of  the  power  and 
weight  will  be  such  that  they  are  inversely  as  their  distances 
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from  the  fulcrum,  this  being  the  general  condition  of  equilibrium 
for  all  machines  which  turn  round  a  fixed  axis  (art.  184).  It 
follows,  therefore,  that  in  figs.  I45j  H6,  and  147  we  shall  have 

p  :  w  ::  F  A  :  F  B  ; 
or,  if  p  express  the  distance  of  the  power  from  the  fulcrum,  and 
w  the  distance  of  the  weight  from  the  fulcrum,  we  shall  have 

p  :  w  ::  w  :jp  ; 
or,  what  is  the  same, 

P    X   |>    =    W,  X    -M?. 

m 


T^ 


r   a 


Fig.  14^ 


Fig.  147. 


This  statement,  a^  will  be  perceived,  is  nothing  more  than 
a  repetition  of  the  general  principle  affecting  machines  which 
turn  on  an  axis,  in  virtue  of  which  forces  upon  them  are  in  equi- 
librium when  their  moments  round  the  axis  are  equal.  The  mo- 
ment of  the  power  is  p  x  j?,  and  the  moment  of  the  weight  is 
w  X  It?.  The  tendency  of  the  power  to  turn  the  lever  round  its 
fulcrum  in  the  direction  of  the  power  is  expressed  by  the  mo- 
ment P  X  jp,  and  the  tendency  of  the  weight  to  turn  the  lever  in 
the  contrary  direction  is  expressed  by  w  x  ty. 

It  follows,  therefore,  that  the  tendency  of  the  power  to  turn 
the  lever  would  be  augmented  either  by  increasing  the  amount 
of  the  power  p,  or  by  increasing  its  distance  p  from  the  fulcrum. 
In  either  case  the  effect  will  be  increased  in  a  corresponding 
proportion.  Thus,  if  we  remove  the  power  to  double  its  dis- 
tance from  the  fulcrum,  we  shall  double  its  effect  ;  and  if  we 
remove  it  to  half  its  distance,  we  shall  diminish  its  effect  one 
half.  The  distance  of  a  force,  whether  power  or  weight,  from 
the  fulcrum,  is  called  its  leverage  ;  and  it  is  evident  from  what 
has  been  stated,  that  the  effect  of  any  force  applied  to  a  lever 
will  be  proportional  to  its  leverage. 

If  the  forces  applied  to  a  lever  do  not  act  perpendicular  to 
it,  their  effect  will  be  found  by  drawing  from  the  fulcrum  a 
perpendicular  on  their  directions.  This  perpendicular  will  be 
their  leverage.  Thus  in  fi>g.  148,  if  the  power  act  in  the  direc- 
tion B  p,  draw  F  N  perpendicular  to  the  direction  p  b  n  ;  the 
power  will  have  the  same  effect  in  turning  the  lever,  as  if  it 
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acted  at  N  upim  th*e  lever  s  f.      The  moment  of  the  power, 
therefore,  in  this  case,  will  be  found  by  multipljiiig  it  by  f  n. 


'K. 


■  W 


Fig.  148. 


the  perpendicular  distance  of  its  direction  from  the  fulcrum. 
In  genei'al,  therefore,  the  leverage  of  any  force  applied  to  such 
a  machine  is  estimated  by  the  perpendicular  distance  of  the 
direction  of  such  force  from  the  fulcrum. 

190.  Relatton  of  power  and  wolfflit  in  the  tliree  kinds. — 
In  a  lever  of  the  first  kind,  the  power  and  weight  may  be  equal, 
and  will  be  so  when  their  leverages  are  equal.  The  weight  may 
be  less  than  the  power,  and  it  will  be  so  when  it  is  at  a  greater 
distance  from  the  fulcrum  than  the  power. 

In  a  lever  of  the  second  kind,  the  weight,  being  between  the 
fulcrum  and  the  power,  must  be  at  a  less  distance  from  the  ful- 
crum than  the  power,  and  must  consequently  be  always  greater 
than  the  power. 

In  a  lever  of  the  third  kind,  the  power  being  between  the 
fulcrum  and  the  weight,  will  be  at  a  less  distance  from  the  ful- 
crum than  the  weight,  and  consequently  in  this  case  the  power 
must  always  be  greater  than  the  weight. 

191.  The  balance. — Numerous  examples  of  levers  of  the 
first  kind  may  be  given.  A  balance  is  a  lever  of  this  kind 
with  equal  arms,  in  which  the  power  and  weight  are  neces- 
sarily equal.  The  dishes,  or  scale-pans,  are  suspended  by  chains 
or  cords  from  points  at  precisely  equal  distances  from  the  ful- 
crum, and  being  themselves  adjusted  so  as  to  have  precisely 
equal  weights,  the  balance  will  rest  in  equilibrium  when  the 
dishes  are  empty.  To  maintain  this  equilibrium,  it  is  evident 
that  equal  weights  must  be  put  into  the  two  dishes ;  the  slightest 
inequality  would  give  a  preponderance  to  one  or  the  other  dish. 

To  obtain  all  the  necessary  precision,  the  centre  of  the  beam 
in  w^ell-constructed  balances  {fig.  149)  has  angular-shaped  steel 
prisms  attached  to  each  side  of  it,  with  their  edges  presented 
downwards.  These,  which  are  called  knife  edges,  rest  upon  a 
hard  surface,  such  as  steel  or  agate.     The  hooks  to  which  the 
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chains  supporting  the  dishes  are  attached  are  similarly  supported. 
The  instrument  is  so  constructed  that  the  centre  of  gravity  of 
the  beam  and  its  appendages  is  a  little  below  the  knife  edge  on 
which  it  is  suspended  when  the  beam  is  horizontal,  the  index 
attached  to  the  centre  of  the  beam  then  pointing  vertically  up- 
wards. If  the  beam  be  inclined  downwards  on  either  side,  the 
centre  of  gravity  will  deviate  to  the  other  side,  and,  by  its  ten- 
dency to  take  the  lowest  position,  it  will  bring  the  beam  back  to 
the  horizontal  position  when  the  force  which  disturbed  it  is 
removed. 


Fig.  149. 

By  the  conditions  of  equilibrium  of  the  lever,  as  explained 
above,  the  beam  can  only  rest  in  the  horizontal  position,  with 
the  index  vertical,  when  the  weights  in  the  dishes  are  equal. 
The  article  to  be  weighed  being  placed  in  one  dish,  known 
weights  are  placed  in  the  other,  until  the  index  points  to  the 
zero  on  the  graduated  scale  behind  it,  which  is  so  arranged 
that  the  index  is  then  vertical.  The  weight  of  the  article  is  then 
equal  to  the  known  weights  in  the  other  dish. 

To  verify  the  exactitude  of  a  balance,  let  it  be  first  observed 
whether  the  index  is  vertical,  and  the  beam  horizontal,  when  the 
dishes  are  empty.  The  article  to  be  weighed  being  then  placed 
in  one  dish,  and  balanced  by  weights  in  the  other,  let  the  article 
and  the  weights  be  transposed,  the  former  being  placed  in  the 
dish  containing  the  latter,  and  vice  versd.  If  the  index  is  still 
vertical,  and  the  beam  horizontal,  the  balance  is  exact ;  if  not, 
the  arms  are  unequal,  and  the  indications  erroneous.  Such  a 
balance  should  be  rejected. 
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192.  SeiMlbtlitj  of  a  balance.  —  This  term  is  used  to 
express  the  facility  with  which  the  index  is  turned  from  its 
position  by  a  preponderating  weight  placed  in  either  dish,  and  it 
is  greater  or  less,  according  as  the  distance  of  the  centre  of 
gravity  below  the  point  of  support  is  less  or  greater.  Let 
A  B  (fig,  1 50)  be  the  beam,  c  the  point  of  support,  and  a  the 
centre  of  gravity.  If  the  beam  be  slightly  turned  from  the 
horizontal  position  to  the  position  a'  b',  the  centre  of  gravity  will 
take  the  position  o',  and  would  be  balanced  by  a  weight  upon  a', 
which  would  be  less  than  that  of  the  beam  in  the  proportion  of  the 
distance  of  o'  from  o  c  to  that  of  a'  from  o  c.  The  nearer  o  is  to 
c,  the  nearer  will  also  o'  be  to  o  c,  and  therefore  the  less  will  be 
the  weight  which  would  suffice  to  turn  the  beam  in  a  given  degree 
from  the  horizontal  position,  and  it  is  evident  that  the  less  this 
weight  is,  the  more  sensitive  will  be  the  balance. 


Fig.  150. 

In  very  sensitive  balances  the  beam  does  not  immediately 
come  to  rest  when  weights,  whether  equal  or  unequal,  are  put 
in  the  dishes,  but  oscillates  for  some  time  slowly  from  one  side 
to  the  other.  If  the  zero  of  the  graduated  arc  on  which  the 
index  plays  be  exactly  in  the  middle  of  the  arc  of  oscillation,  the 
weights  in  this  case  will  be  equal  ;  but  if  the  middle  of  the  arc 
of  oscillation  is  seen  to  be  on  one  side  of  the  zero,  the  prepon- 
derating weight  will  be  on  the  same  side. 

However  inaccurately  a  balance  may  be  constructed,  the 
exact  weight  of  a  body  may  be  ascertained  by  it.  For  this  pur- 
pose let  the  body  to  be  weighed  be  placed  in  one  dish,  and  let  it 
be  equipoised  by  sand  placed  in  the  other.  Leaving  the  sand 
undisturbed,  let  the  body  be  removed,  and  replaced  by  weights 
of  known  value  which  will  equipoise  the  sand.  The  amount  of 
these  weights  will  then  be  the  weight  of  the  body. 

193.  Tlie  Steelyard. — A  steelyard  is  a  lever  with  unequal 
arms  ;  the  power,  being  represented  by  a  sliding  weight,  is 
adjusted  so  that  its  leverage  may  be  changed  at  pleasure.  These 
and  similar  instruments  are  used  for  the  purpose  of  weighing  in 
many  commercial  transactions. 

This  instrument,  sometimes  called  the  Roman  balance,  is 
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constructed  in  various  forms,  one  of  the  most  common  of  which 
is  represented  in  fig.  151.  The  weight  Q  slides  upon  a  graduated 
arm,  and  in  some  ascertainable  position  balances  the  article  p 
which  is  to  be  weighed.  The  weight  of  p  is  just  as  many  times 
that  of  Q  as  D  c  is  greater  than  a  g. 


Z 


SB 


Fig.  151. 

It  may  happen  that  even  when  q  is  moved  to  the  last  division 
of  the  arm  b  c,  the  article  p  will  still  preponderate.  In  that 
case  the  steelyard  is  held  by  the  ring  nearer  to  a,  which  hangs 
down  in  the  figure.  By  this  means  the  distance  of  p  from  the 
fulcrum  being  less,  the  weight  Q,  at  a  given  distance  from  the 
fulcrum,  will  balance  a  proportionally  greatei*  weight. 

194.  Ketter  balance. — One  of  the  most  simple  forms  of 
these  useful  instruments,  which  gives  exact  indications,  is  shown 
in  ^.  152.  It  is  a  bent  lever  of 
the  first  kind.  The  dish  e  is  sus- 
pended from  a  short  arm  a  g,  and 
is  balanced  by  the  arm  g  b,  having 
a  heavy  bob  at  G,  and  a  point  at  b, 
which  moves  upon  a  graduated  arc. 
When  A  is  depressed,  o  b  rises,  and 
its  centre  of  gravity  g  moves  to  a 
greater  distance  from  the  vertical 
line  through  the  point  of  support  o, 
and  takes  a  position  in  which  it  ^^'  '^* 

balances  the  weight  placed  in  the  dish  e.  The  indications 
expressed  on  the  arc  show  the  weights  in  e,  which  correspond 
to  the  various  positions  of  the  index. 
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1 95.  Sprinir  balances.  — Besides  the  instruments  constructed 
upon  the  principle  of  the  lever,  various  forms  of  weighing 
instruments  are  made,  which  depend  on  the  elastic  tension  of 
springs.  One  of  these  is  shown  in^.  153  and  another  in  154, 
which  will  be  easily  understood  upon  inspection,  without 
further  explanation. 


Fig.  153. 


Fig-  154- 


196.  Otber  examples  of  tlie  lever. — A  crowbar  is  a  lever 
of  the  first  kind.  In  this  instrument,  when  used,  for  example, 
to  raise  a  block  of  stone,  the  fulcrum,  ^gf.  155,  is  another  stone 
F,  placed  near  that  which  is  to  be  raised,  and  the  power  of  the 
hand  H  is  placed  at  the  other  end  of  the  bar.  A  poker  applied 
to  raise  fuel  is  a  lever  of  the  first  kind,  the  fulcrum  being  the 
bar  of  the  grato. 


-^V- 


Fig. 


'55- 


The  force  exerted  by  the  hand  at  b  (Jig.  156)  will  in  this 
case  overcome  a  resistance  greater  than  itself  in  the  proportion 
of  B  c  to  A  €.  The  instrument  may  be  rendered  still  more 
eflicacious  by  removing  the  i)oint  of  support  c  to  the  line  r  q, 
or  on  the  other  hand  a  greater  range  of  motion  with  less  power 
may  be  obtained  by  removing  it  to  the  line  m  n. 

Scissors,  shears,  nippers,  pincers,  and  other  similar  instru- 
ments are  composed  of  two  levers  of  the  first  kind,  the  fulcrum 
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being  the  joint  or  pivot,  and  the  weight  the  resiatance  of  the 
substance  to  be  cut  or  seized,  the  power  being  the  fingers  applied 
at  the  other  end  of  the  levers. 


Fig.  ii6. 

The  brake  of  a  pump  is  a  lever  of  the  first  kind,  the  pumj/- 
rods  and  piston  being  the  weight  to  be  raised. 

Examples  of  levers  of  the  second  kind,  though  not  so 
frequent,  are  not  uncommon. 

An  oar  is  a  lever  of  the  second  kind.     The  reaction  of  the  , 
water  against  the  blade  is  the  fulcrum.    The  boat  is  the  weight, 
and  the  hand  of  the  boatman  the  power. 

The  rudder  of  a  ship  or  boat  is  an  example  of  this  kind  of 
lever,  and  explained  in  a  similar  way. 

The  chipping-knife  (Jig.  1 57)  is  a  lever 
of  the  second  kind.  The  end  f  attached 
to  the  bench  is  the  fulcrum,  and  the 
weight  the  resistance  of  the  substance  B 
to  be  cut.  Fig.  157. 

A  door  moved  upon  its  hinges  is 
another  example. 

Nutcrackers  are  two  levers  of  the  second  kind,  the  hinge 
which  unites  them  being  the  fulcrum,  the  resistance  of  the  shell 
placed  between  them  being  the  weight,  and  the  hand  applied  to 
the  extremities  being  the  power. 

A  wheelbarrow  is  a  lever  of  the  second  kind,  the  fulcrum 
being  the  point  at  which  the  wheel  presses  on  the  ground,  and 
the  weight  being  that  of  the  barrow  and  its  load  collected  at 
their  centre  of  gravity  m  {fig,  158). 

The  same  observation  may  be  applied  to  all  two-wheeled 
carriages  which  are  partly  sustained  by  the  animal  which  draws 
them. 

Levers  of  the  third  kind,  acting,  as  has  been  explained,  to 
mechanical  disadvantage,  the  power  being  less  thgn  the  weight, 
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are  of  less  frequent  use.    They  are  adopted  only  where  rapidity 
and  dispatch  are  required  more  than  power. 


Fig.  158. 

The  njost  striking  examples  of  levers  of  the  third  kind  are 
found  in  the  animal  economy.  The  limbs  of  animals  are 
generally  levers  of  this  description.  The  socket  of  the  bone  is 
the  fulcrum,  a  strong  muscle  attached  to  the  bone  near  the 
socket  is  the  power,  and  the  weight  of  the  limb,  together  with 
whatever  resistance  is  opposed  to  its  motion,  is  the  weight.  A 
slight  contraction  of  the  muscle  in  this  case  gives  a  considerable 
motion  to  tlie  limb :  this  effect  is  particularly  conspicuous  in  the 
motion  of  the  arms  and  legs  in  the  human  body  ;  a  very  incon- 
siderable contraction  of  the  muscles  at  the  shoulders  and  hips 
gives  the  sweep  to  the  limbs,  from  which  the  body  derives  so 
much  activity. 

The  treadle  of  the  turning-lathe  is  a  lever  of  the  third  kind. 
The  hinge  which  attaches  it  to  the  floor  is  the  fulcrum ;  the  foot 
applied  to  it  near  the  hinge  is  the  power  ;  and  the  crank  upon 
the  axis  of  the  fly-wheel,  with  which  its  extremity  is  connected, 
is  the  weight. 

Tongs  are  levers  of  this  kind,  as  also  the  shears  used  in  shear- 
ing sheep.  In  these  cases  the  power  is  the  hand,  placed  imme- 
diately below  the  fulcrum  or  point  where  the  two  levers  are 
connected. 

197.  Pressure  on  fUlcrum. — The  pressiure  on  the  fulcrum 
of  a  lever,  when  the  power  and  weight  are  in  equilibrium,  is 
determined  by  the  principle  of  the  composition  of  forces.  In  a 
lever  of  the  first  kind,  the  resultant  of  the  power  and  weight 
is  a  single  force  passing  through  the  fulcrum  equal  to  their  sum ; 
consequently,  the  pressure  on  such  point  will  be  equal  to  the 
sum  of  the  power  and  weight. 

In  a  lever  of  the  second  and  third  kind,  the  power  and 
weight,  acting  in  contrary  directions,  will  have  a  resultant  equal 
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to  their  difference  passing  through  the  fulcrum.    This  resultant 
will  therefore  express  the  pressure  on  the  fulcrum. 

198.  &ectaiiffiilar  lever. — In  the  rectangular  lever,  the 
arms  are  perpendicular  to  each  other,  and  the  fulcrum,  f  (Jig, 
1 59),  is  at  the  right  angle.  The  moment  of  the  power  in  this  case 
is  p  multiplied  by  a  p,  and  that  of  the  weight  w  multiplied  by 
B  F.  When  the  instrument  is  in  equilibrium,  these  moments 
must  be  equal. 


R    J 
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Fig.  159.  Fig.  160. 

When  the  hammer  is  used  for  drawing  a  nail,  it  is  a  lever  of 
this  kind  ;  the  claw  of  the  hammer  is  the  shorter  arm,  the  re- 
sistance of  the  nail  is  the  weight,  and  the  hand  applied  to  the 
handle  is  the  power. 

199.  Beam  resting:  on  two  props. — When  a  beam  rests  on 
two  props,  A  B  (fig.  160),  and  supports  at  some  intermediate 
place,  c,  a  weight  w,  this  weight  is  distributed  between  the  props 
in  a  manner  which  may  be  determined  by  the  principles  already 
explained. 

If  the  pressure  on  the  prop  b  be  considered  as  a  power  sus- 
taining the  weight  w  by  means  of  the  lever  of  the  second  kind 
B  A,  then  this  power  multiplied  by  B  A  must  be  equal  to  the 
weight  multiplied  by  c  A.  Hence  the  pressure  on  b  will  be  the 
same  fraction  of  the  weight  as  the  part  a  c  is  of  a  b.  In  the 
same  manner  it  may  be  proved  that  the  pressure  on  a  is  the 
same  fi-action  of  the  weight  as  b  c  is  of  b  a.  Thus,  if  a  c  be 
one  third,  and  therefore  b  c  two  thirds  of  b  a,  the  pressure  on 
B  wiU  be  one  third  of  the  weight,  and  the  pressure  on  a  two 
thirds  of  the  weight. 

It  follows  from  this  reasoning,  that  if  the  weight  be  in  the 
middle,  equally  distant  from  b  and  a,  each  prop  will  sustain  half 
the  weight.  The  effect  of  the  weight  of  the  beam  itself  may  be 
determined  by  considering  it  to  be  collected  at  its  centre  of 
gravity.  If  this  point,  therefore,  be  equally  distant  from  the 
props,  the  weight  of  the  beam  will  be  equally  distributed 
between  them. 
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According  to  these  principles,  the  manner  in  which  a  load 
borne  on  poles  is  distributed  between  the  bearers  may  be  ascer- 
tained. As  the  eflforts  of  the  bearers  and  the  direction  of  the 
weight  are  always  parallel,  the  position  of  the  poles  relatively 
to  the  horizon  makes  no  difference  in  the  distribution  of  thi 
weights  between  them.  Whether  they  ascend  or  descend,  or 
move  on  a  level  plane,  the  weight  will  be  similarly  shared 
between  them. 

If  the  beam  extend  beyond  the  prop,  as  in  fig.  i6i,  and  the 

weight  be  suspended  at  a  point  not  placed  between  them,  the 

props  must  be  applied  at  different  sides  of 

9         -^  ^     the  beam.    The  pressure  which  they  sustain 

^  ®     may  be  calculated  in  the  same  manner  as 

vs^  in  the  former  case. 

Fig.  i6i.  The  pressure  of  the  prop  b  may  be  con- 

sidered as  a  power  sustaining  the  weight  w 
by  means  of  the  lever  b  c.  Hence,  the  pressure  of  B  multiplied 
by  B  A  must  be  equal  to  the  weight  w  multiplied  by  a  c.  There- 
fore, the  pressure  on  b  bears  the  same  proportion  to  the  weight 
as  A  c  does  to  a  b.  In  the  same  manner,  considering  b  as  a 
fulcrum,  and  the  pressure  of  the  prop  A  as  the  power,  it  may 
be  proved  that  the  pressure  of  a  bears  the  same  proportion  to 
the  weight  as  the  line  B  c  does  to  a  b.  It  therefore  appears 
that  the  pressure  on  tlie  prop  a  is  greater  than  the  weight. 

200.  Compound  lever. — A  combination  consisting  of  several 
levers  acting  one  upon  another,  as  represented  in  fi^.  162,  is 
called  a  compound  lever. 

F   , ^ — .        y 


F'     ^ 
Fig.  162. 


-i-^v 


The  mariner  in  which  the  effect  of  the  power  is  transmitted 
to  the  weight  may  be  investigated  by  considering  the  effect  of 
each  lever  successively.  The  power  at  p  produces  an  upward 
force  at  p',  which  bears  to  p  the  same  proportion  as  P  f  to  p'  F. 
Therefore,  the  effect  at  p'  is  as  many  times  the  power  as  the  line 
p  F  is  of  p'  F.  Thus,  if  p  F  be  ten  times  p'  f,  the  upward  force  at 
p'  is  ten  times  the  power.  The  arm  p'  f'  of  the  second  lever  is 
pressed  upwards  by  a  force  equal  to  ten  times  the  power  at  p. 
In  the  same  manner  this  may  be  shown  to  produce  an  effect  at 
p'^  as  many  times  greater  than  that  at  p'  as  p'  f'  is  greater  than 
p^'  f'. 

Thus,  if  p'  f'  be  twelve  times  p'^  f',  the  effect  at  p"  will  be 
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twelve  times  that  at  p'.  But  this  last  was  ten  times  the  power, 
and  therefore  the  effect  at  ^"  will  be  one  hmidred  and  twenty 
times  the  power.  In  the  same  manner  it  may  be  shown  that  the 
weight  w  is  as  many  times  greater  than  the  effect  at  v'\  as  V  f'^ 
is  greater  than  w  V\  If  p'^  V  be  five  times  w  f",  the  weight 
will  be  five  times  the  effect  at  p'^.  But  this  effect  is  one  hun- 
dred and  twenty  times  the  power,  and  therefore  the  weight 
would  be  six  hundred  times  the  power. 

In  the  same  manner,  the  effect  of  any  compound  system  of 
levers  may  be  ascertained  by  taking  the  proportion  of  the 
weight  to  the  power  in  each  lever  separately,  and  multiplying 
these  numbers  together. 

In  the  example  given,  these  proportions  are  10,  12,  and  5, 
which,  multiplied  together,  give  600.  In  fiq.  162  the  levers 
composing  the  system  are  of  the  first  kind  ;  but  the  principle  of 
the  calculation  will  not  be  altered  if  they  be  of  the  second  or 
third  kinds,  or  some  of  one  kind  and  some  of  another. 

20  T.  'VTeigrliingr-maoliines.— These  are  usually  compound 
levers,  and  are  constructed  in  very  various  forms,  but  all  de- 
pending nearly  on  the  same  mechanical  principles  ;  one  of  these 
varieties  is  shown  xnfigi,  163  and  164. 


Fig.  1*^3. 

The  platform,  a  b,  upon  which  the  object  to  be  weighed  is 
placed,  is  supported  by  the  short  arm  m  l,  of  a  lever  l  n,  through 
the  intervention  of  a  compound  lever,  khdgbefgl,  the 
longer  arm  of  which,  m  n,  supports  a  dish  in  which  the  counter- 
poising weight  is  placed. 

The  platform,  a  b,  is  supported  at  two  points,  viz.,  ist,  by 
the  lever  e  g  l  at  e,  and  2nd,  by  the  arm  l  m  at  k,  through  the 
intervention  of  the  rod  k  h,  the  diagonal  piece  D  c,  and  the 
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upright  piece  c  b.  The  proportions  of  the  levers  are  so  regu- 
lated that  the  pressure  at  l  is  less  than  at  k,  in  the  same  pro- 
portion as  K  M  is  less  than  l  m,  and  these  two  pressures  together 
are  balanced  by  the  weight  p. 


Fig.  164. 

Before  commencing  the  operation  the  lever  l  m  n  is  rendered 
horizontal  by  small  weights  or  sand  put  into  the  dish  a,  and  its 
horizontal  position  is  ascertained  by  the  coincidence  of  the  two 
points  h  and  c,  the  former  of  which  is  fixed,  and  the  latter  at- 
tached to  the  arm  M  n  of  the  lever. 

It  is  easy  to  understand 
that  the  proportion  of  the 
arms  of  the  lever  may  be  so 
aiTanged  that  each  hundred- 
weight of  the  article  Q  may 
be  balanced  by  a  pound  or 
any  lesser  denomination  of 
weight  placed  in  p. 

202.  Tlie  knee  lever. — 
A  form  of  compound  lever, 
known  as  the  knee  lever,  is 
much  used  in  the  arts.  This 
combination  consists  of  a 
metal  rod  a  b,  fig.  165, 
having  a  fixed  point  of  sup- 
port A,  on  which  it  works. 
Another  bar  G  c  is  jointed  to 
it  at  c,  a  point  intermediate  between  a  and  b.  This  bar  c  G  is 
jointed  at  G  to  a  plate,  such  as  r,  or  any  other  object  to  which  it 
is  desired  to  transmit  an  intense  force  acting  through  a  very 
limited  space,  as,  for  example,  in  the  case  of  the  printing  press, 
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where  the  paper  is  pressed  upon 
the  type  by  a  plate  which  is 
driven  upon  it  by  a  sudden  and 
severe  force.  The  handle  b  of 
the  lever  being  pressed  in  the 
direction  of  the  arrow,  exerts 
a  corresponding  pressure  on  the 
point  o,  which  is  driven  in  the 
direction  o  d,  perpendicular  to 
A  B.  This  motion  c  d  is  resolved 
into  two  by  the  parallelogram 
of  forces,  one  in  the  direction 
c  E,  and  the  other  in  the  direc- 
tion G  F  ;  the  latter  exerts  pres- 
sure on  the  fixed  point  a,  and 
the  other  acts  upon  the  plate  b, 
by  means  of  the  joint  g  forcing 
it  downwards.  As  the  joint  c 
advances,  the  angle  ago  be- 
comes more  and  more  obtuse, 
and  the  component  c  £  of  the 
force  acting  at  b  bears  a  rapidly 
increasing  proportion  to  the 
force  itself,  so  that  when  the 
levers  A  o  and  c  g  come  nearly 
into  a  right  line,  the  pressure 
exerted  at  b  is  augmented  at  g 
in  an  almost  infinite  proportion. 
203.  Xey  of  Brard's  piano- 
forte.— In  this  instrument,  the 
object  is  to  convey  from  the 
point  where  the  finger  acts  upon 
the  key,  to  that  at  which  the 
hammer  acts  upon  the  string, 
all  the  delicacy  of  action  of  the 
finger,  so  that  the  piano  may 
participate,  to  a  certain  extent, 
in  that  sensibility  of  touch 
which  is  observable  in  the  harp, 
and  which  is  the  consequence 
of  the  finger  acting  immediately 
on  the  string  in  that  instru- 
ment, without  the  intervention 
of  any  other  mechanism.  ^'  '^ 
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The  combination  of  levers,  by  which  the  action  of  the 
finger  is  transmitted  to  the  string,  in  Erard's  pianoforte^  is 
represented  in^.  i66. 

The  key  is  represented  at  6  a  c,  the  fulcrum  or  pivot  on  which 
it  plays  being  a,  and  the  ivory  table  upon  which  the  finger  acts 
being  a.t  h.  The  point  to  which  its  motion  is  communicated  is  at  c. 

The  motion  is  transmitted  by  a  double-jointed  piece  d  to  an 
intermediate  lever  e  /,  the  pivot  of  which  is  at  e.  At  the  joint/ 
is  a  rod  g  called  the  sticker,  which  carries  up  the  hammer  to  the 
string.  The  hammer  is  supported  by  the  head  of  the  sticker  g, 
and  at  the  same  time  rests  upon  the  oblique  lever  i,  which  latter 
is  acted  upon  by  the  spring  h. 

When  the  key  is  pressed  down  by  the  finger  at  6,  the  piece  d 
is  raised,  and  by  it  the  lever  e  f  and  the  sticker  g.  This  lever 
raises  the  lever  i,  and  acts  upon  the  rod  of  the  hammer  at  a 
point  near  the  joint,  making  the  hammer  rise  along  the  dotted 
curve  so  as  to  strike  the  string. 

The  proportions  of  this  combination  of  levers  are  such,  that^ 
after  the  blow  of  the  hammer  on  the  string,  the  check  k  comes 
forward  and  receives  the  hammer  in  its  fall,  at  about  one  third 
of  its  original  distance  from  the  string  ;  so  that  while  the  finger 
continues  to  keep  down  the  key,  the  hammer  remains  at  a 
distance  from  the  string,  equal  to  one  third  of  its  distance  when 
the  key  is  not  depressed. 

In  the  meantime,  the  spring  h  has  given  way  under  the 
weight  of  the  hammer,  and,  under  these  circumstances,  the  key 
h  being  allowed  to  rise  by  the  finger  through  one  third  of  its 
play,  and  then  again  being  depressed,  another  stroke  of  the 
hammer  on  the  string  will  be  produced  ;  for  in  thia  case  the 
hammer  will  be  brought  back  to  the  level  of  the  head  of  the 
sticker  (/,  by  which  means  it  will  be  driven  upwards  upon  the 
depression  of  the  key. 

In  the  combination  of  levers  used  in  other  pianofortes,  the 
note  cannot  be  repeated  without  allowing  the  key  to  rise  to  the 
position  it  has  before  it  is  depressed  ;  consequently  in  this  case, 
a  repetition  of  the  note  is  produced  with  one  third  of  the  motion 
of  the  finger  which  is  necessary  in  other  pianofortes. 

204.  Power  of  a  macblne.— That  number  which  expresses 
the  proportion  of  the  weight  to  the  equilibrating  power  in  any 
machine,  is  often  called  the  mechamcal  advantage,  or  the  power 
of  the  machhie.  Thus  if ,  in  a  lever,  a  power  of  i  lb.  support  a 
weight  of  10  lbs.,  the  power  of  the  machine  is  10.  If  a  power 
of  2  lbs.  support  a  weight  of  11  lbs.,  the  power  of  the  machine 
issj. 
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205.  Zqulvalent  lever. — As  the  distances  of  the  power  and 
weight  from  the  fulcnim  of  a  lever  may  be  varied  at  pleasure, 
and  any  assigned  proportion  given  to  them,  a  lever  may  always 
be  conceived  having  a  power  equal  to  that  of  any  given  machine. 
Such  a  lever  may  be  called,  in  relation  to  that  machine,  the 
equivalent  lever. 

As  every  complex  machine  consists  of  a  number  of  simple 
machines  acting  one  upon  another,  and  as  each  simple  machine 
may  be  represented  by  an  equivalent  lever,  the  complex  machine 
will  be  represented  by  a  compound  system  of  equivalent  levers. 
From  what  has  been  proved,  it  therefore  follows  that  the  power 
of  a  complex  machine  may  be  calculated  by  multiplying  toge- 
ther the  powers  of  the  several  simple  mach^es  of  which  it  is 
composed. 

WHEEL-WORK. 

206.  The  wheel  and  axle. — The  form  of  simple  machine 
denominated  the  wheel  and  axle,  consists  of  a  cylinder  which 
rests  in  pivots  at  its  extremities,  or  is  suported  in  gudgeons, 
and  is  capable  of  revolving  between  those  pivots,  or  in  those 
gudgeons.  Attached  to  this  cylinder,  and  supported  on  the  same 
pivots  or  gudgeons,  a  wheel  is  fixed,  so  that  the  two  revolve 
together  with  a  common  motion.  The  wheel  is  often  suj^lied 
with  a  rope  or  chain,  which  winds  round  the  axle,  and  the  power 
with  another  rope  or  chain  which  winds  roupd  the  wheel. 

Such  an  arrangement  is  represented  in  fig.  167,  where  w  is 
the  weight,  A  and  b  the  pivots  or  gudgeons,  o  the  wheel,  and  p 
the  power. 

The  condition  of  equilibrium  is,  according  to  what  has  been 
already  proved,  the  inverse  proportion  of  the  power  and  weight 
to  the  diameters  of  the  wheel  and  axle,  that  is  to  say,  the  power 
is   to  the  weight  as  the  diameter  of  the 
axle    is   to   the    diameter  of  the   wheel. 
The  weight  is  generally  applied,  as  repre- 
sented in  the  figure,  by  means  of  a  rope 
coiled  upon  the  axle. 

The  manner  of  applying  the  power  is 
very  various.  Sometimes  the  circumfer- 
ence of  the  wheel  is  furnished  with  pro- 
jecting points,  as  represented  in  fijg,  167, 
to  which  the  hand  is  applied  when  human 
force  is  the  power.     Examples  of  this  are  ^^^r- 167. 

numerous  ;  a  familiar  one  k  presented  in  the  steering-wheel  of 
a  ship. 

q2 


Digitized 


by  Google 


228 


THEORY  OF  MACHINERY. 


bA 


207.  The  TRTlndlas*. — In  the  common  windlass  the  power 
is  applied  by  means  of  a  winch  d  c,  as  represented  in  Jig.  168. 
The  arm  b  c  of  the  winch  represents 
the  radius  of  the  wheel,  and  the 
power  is  applied  to  D  c  at  right 
angles  to  b  c.  In  some  cases  no 
wheel  is  attached  to  the  ayle,  but 
it  is  pierced  with  holes,  directed 
towards  its  centre,  in  which  long 
levers  are  incessantly  inserted,  and 
a  continuous  action  produced  by 
several  men  working  at  the  same 
time,  so  that  whilst  some  are  trans- 
ferring the  levers'  from  hole  to  hole,  others  are  working  the 
other  levers,  ^.  169. 


Fig.  168. 


Fig.  169. 

The  axle  is  sometimes  placed  in   a   vertical   position,   the 
wheel  or  levers  being  moved  horizontally.     The  capstan  is  an 


Fig.  170. 

example  of  this.     A  vertical  axis  is  fixed  in  the  deck  of  the 
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ship,  the  circumference  being  pierced  with  holes  presented 
towards  its  centre.  These  holes  receive  long  levers,  as  repre- 
sented in  fy,  170.  The  men  who  work  the  capstan  walk  con- 
tinually round  the  axle,  pressing  forward  the  levers  near  their 
extremities. 

More  generally  the  head  of  the  capstan  is  circular,  and 
pierced  with  many  holes,  in  each  of  which  a  lever  can  be  in- 
serted, so  that  many  men  can  work  together  when  great  power 
is  required,  as  in  weighing  anchor,^.  171. 


Fig.  171. 


Fig.  172. 


208.  The  treadHo&ill,  A^o. — In  some  cases  the  wheel  is  turned 
by  the  weight  of  men  or  animals  placed  at  its  circumference, 
who  move  forward  as  fast  as  the  wheel  descends,  so  as  to  main- 
tain their  position  continually  at  the  extremity  of  the  horizontal 
diameter.  The  tread-mill, «/^.  172,  aoid  certain  cranes,  such  as 
fig.  173,  are  examples  of  this. 


Fig.  173- 

209.  French  quarry  wheels. — In  the  neighbourhood  of 
Paris,  and  other  parts  of  France,  stone  for  building  is  obtained 
in  subterranean  quarries,  from  which  it  is  raised  through  deep 
vertical  shafts,  by  means  of  large  wheels,  worked  by  the  weight 
of  men,  on  the  same  principle  as  that  of  the  tread-mill.  One 
of  these  quarry  wheels,  and  the  manner  of  working  it,  is  shown 
in^.  174. 

From  what  has  been  already  explained,  it  is  evident  that  the 
effect  of  the  power  upon  the  weight  would  be  augmented  by 
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diminiBhing  the  thickness  of  the  axle,  and  diminished  by  in- 
creasing that  thickness. 


Fig.  174. 

210.  Blfferential  wbeel  and  axle. — It  sometimes  happens 
that  an  invariable  power  has  to  act  against  a  variable  resistance, 
or  a  variable  power  against  a  constant  resistance.  In  such  a 
case,  the  efl'ect  of  the  wheel  and  axle  as  just  described  would 
vary  :  an  augmentation  of  the  power  or  diminution  of  the 
resistance  would  throw  the  power  and  weight  out  of  equili- 
brium. 

If,  however,  the  axle  were  made  to  increase  in  thickness  in 
the  same  proportion  as  the  ratio  of  the  power  to  the  weight  is 
augmented,  then  the  change  of  such  ratio  would  be  compen- 
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sated  by  a  corresponding  change  in  the  leverage,  and  an  equili- 
brium would  be  maintained  between  the  power  and  weight, 
notwithstanding  their  variation.  Numerous  instances  of  this 
are  presented  in  the  arts,  some  of  which  will  be  noticed  here- 
after. 

When  a  weight  or  resistance  of  comparatively  great  amount- 
is  to  be  raised  by  a  very  smiall  power  by  means  of  the  simple 
wheel  and  axle,  either  of  two  inconveniences  would  ensue ; 
either  the  diameter  of  the  axle  would  becoine  too  small  to  sup- 
port the  weight,  or  the  diameter  of  the  wheel  would  become  so 
great  as  to  be  unwieldy  in  its  operation.  This  has  been  reme- 
died, without  having  recourse  to  a  complex  machine,  by  a  simple 
expedient  represented  in  fig,  175.     The  axle  of  the  windlass 


Fig.  175- 

here  consists  of  two  parts,  one  thicker  than  the  other,  and  the 
rope  by  which  the  weight  is  raised  rolls  on  the  thicker  while  it 
rolls  oflF  the  thinner.  In  each  revolution,  therefore,  the  part 
which  is  rolled  on  exceeds  that  which  is  rolled  off  by  the  diflFer- 
ence  between  the  circumference  of  the  two  parts  of  the  axle. 
The  efi'ect,  accordingly,  is  the  same  as  if  an  axle  had  been  used, 
whose  diameter  is  eqiial  to  the  diflFerence  between  the  diameters 
of  the  thicker  and  thinner  part.  Since,  then,  without  diminish- 
ing the  thickness  of  the  axle,  we  may  diminish  without  limit 
the  difference  between  the  thicker  and  thinner  parfcs,  the  ratio 
of  the  weight  to  the  power  may  be  augmented  indefinitely  with- 
out diminishing  the  strength  of  the  axle. 
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211.  ComMnatioiis^ — ^When  great  power  is  required,  wheels 
and  axles  may  be  combined  in  a  manner  ^analogous  to  the  com- 
pound lever  ahready  explained.  The  power  being  supposed  to 
act  on  the  circumference  of  the  first  wheel,  its  effect  is  trans- 
mitted to  the  circumference  of  the  first  axle  ;  this  circumference 
acts  on  the  circumference  of  the  second  wheel,  and  transmits 
motion  thereby  to  the  circumference  of  the  second  axle,  which, 
in  its  turn,  acts  on  the  circumference  of  the  second  wheel, 
transmitting  motion  to  the  circumference  of  the  third  axle,  and 
so  on. 

There  is  nothing  different  in  the  mechanical  effect  of  such  a 
combination  from  that  of  a  system  of  compound  levers,  except 
that  it  admits  more  conveniently  of  a  continuous  action,  and 
produces  continued  and  regular  motion.  The  relation  between 
the  power  and  the  weight  of  resistance,  when  in  equilibrium,  is* 
determined  in  exactly  the  same  manner  as  in  the  case  of  the 
compound  lever. 

If  the  diameters  of  all  the  wheels  be  multiplied  together, 
and  the  diameters  of  all  the  axles  be  also  multiplied  together, 
then  the  power  will  be  to  the  weight  as  the  product  of  the 
diameters  of  all  the  axles  to  the  product  of  the  diameters  of  all 
the  wheels.  Thus,  if  the  diameters  of  all  the  axles  be  expressed 
by  the  numbers  2,  5,  4,  and  the  diameters  of  all  the  wheels  be 
expressed  by  the  numbers  20,  25,  and  30,  then  the  ratio  of  the 
power  to  the  weight  will  be  as 

2  X  3  X  4  =  24  to  20  X  25  X  30  =  1 5,000. 

The  manner  in  which  the  wheels  and  axles  act  one  upon 
another  is  very  various.  Sometimes  a  strap  or  cord  is  placed  in 
a  groove  in  the  circumference  of  the  axle,  and  carried  round 


Fig.  176. 


Fig.  177. 


a  similar  groove  in  the   circumference  of  the  wheel.     This, 
which  is  called  an  endless  band,  is  represented  in  f^s,  176  and 

In  the  case  represented  in^.  176  the  wheels  are  driven  in 
the  same  direction;  in  that  represented  in  fig.  IJJ,  they  are 
driven  in  opposite   directions.     Examples   of   this  method  of 
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transmitting  the  motion  from  wheel  to  wheel  are  presented  in 
every  department  of  the  arts  and  manufactures.  In  the  turn- 
ing-lathe and  the  grinding-wheel  a  catgut  cord  carried  round 
the  treadle  wheel  imparts  motion  to  the  mandril  or  the  grind- 
stone. In  the  great  factories  shafts,  as  shown  in  fig.  178,  are 
carried  along  the  ceilings  of  the  room,  round  which,  at  certain 
points,  endless  straps  are  carried,  which  are  conducted  round  the 
wheels,  thus  giving  motion  to  the  lathes  or  other  machines. 
One  of  the  chief  advantages  of  this  method  of  transmitting 
motion  by  wheels  and  axles  is,  that  the  bands  by  which  the 


Fig.  178. 

motion  is  conveyed  may  be  placed  at  any  distance  from  each 
other,  and  even  in  any  position  with  respect  to  each  other,  and 
may,  by  a  slight  adjustment,  receive  motion  in  either  one  direc- 
tion or  the  other. 

When  the  circumference  of  the  axle  acts  immediately  on 
that  of  the  wheel,  which  it  moves  without  the  intervention  of  a 
strap  or  cord,  means  must  be  adopted  to  prevent  them  from 
moving  in  contact  {fi^,  179)  without  transmitting  motion,  which 
they  would  do  if  both  surfaces  were  perfectly  smooth  and  free 
from  friction. 

This  is  accomplished  by  different  expedients.  In  cases  where 
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great  power  is  not  required,  motion  is  communicated  through  a 
series  of  wheels  and  axles  by  rendering  their  surfaces  rough, 
either  with  facing  them  with  rough  leather, 
or  making  them  of  wood  cut  across  the 
grain.  This  method  is  used  in  spinning 
machinery,  where  a  large  buffed  wheel, 
placed  in  a  horizontal  position,  is  sur- 
rounded by  a  series  of  small  buffed  rollers 
pressed  close  against  it,  each  roller  com- 
municating motion  to  a  spindle.  As  the 
rig.  179'  wheel  revolves,  revolution  is  imparted  to 

the  rollers,  the  velocity  of  which  exceeds  that  of  the  wheel  in 
the  same  proportion  as  the  diameter  of  the  wheel  exceeds  that  of 
the  roller.  This  method  is  very  convenient  in  cases  where  the 
motion  of  the  rollers  requires  to  be  occasionally  suspended,  each 
roller  being  provided  with  a  means  by  which  it  can  be  thrown 
out  of  contact  with  the  wheel,  and  thus  stopped. 

212.  Tootbed  wheels. — The  most  frequent  method  of  trans- 
mitting motion  through  a  train  of  wheel- work  is  by  the  con- 
struction of  teeth  upon  their  circumference,  so  that  the  teeth  of 
each  falling  between  those  of  the  other,  the  one  wheel  neces- 
sarily pushes  forward  the  other!  When  teeth  are  used,  the 
axles  are  usually  called  pinions,  and  the  teeth  raised  upon  them 
are  called  leaves. 

In  the  formation  of  the  teeth  of  wheels  and  pinions,  expe- 
dients are  adopted  to  prevent  them  from  rubbing  one  upon 
another,  when  they  move  in  contact  with  each  other.  A  parti- 
cular form  is  adopted  for  the  teeth,  in  virtue  of  which  the 
surfaces  are  applied  one  to  the  other  with  a  rolling  motion  like 
that  of  a  carriage  wheel  upon  the  road.  By  this  expedient  the 
rapid  wear  of  the  teeth,  which  would  be  produced  by  constant 
friction  accompanied  by  pressure,  is  prevented. 

In  computing  the  mechanical  effects  of  toothed  wheels  axid 
pinions,  the  number  of  teeth  may  be  substituted  for  their  cir- 
cumferences and  diameters. 

The  condition  of  equilibrium  will  therefore  be  obtained  by 
multiplying  together  the  number  of  teeth  in  all  the  wheels,  and 
the  number  of  teeth  in  all  the  pinions,  the  po\yer  being  to 
the  weight,  when  in  equilibrium,  as  the  latter  product  to  the 
former. 

213.  Spur  wheels. — Teeth  are  formed  upon  the  edges  of 
wheels  and  pinions  in  different  positions.  When  they  ai'e  formed 
in  the  plane  of  the  wheel  so  as  to  diverge  from  the  axis  as  a 
centre,  the  wheels  are  called  spur  wheels  ;  and  a  train  of  such 
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wheels  and  pinions,  such  B&fig,  180,  is  called  spnr  gearing.  By 
such  gearing  the  several  axes  round  which  motion  is  produced 
are  parallel  to  one  another,  as  appears  by  the  figure. 


1?L] 


mmmiii 


Fig.  180. 


Fig.  181. 


It  is  evident  in  this  case  that  the  wheel  and  pinion,  which 
are  upon  the  same  axis,  need  not  be  in  immediate  juxtaposition, 
but  may  be  separated  one  from  the  other  by  any  length  of  the 
shaft.  In  this  way,  if  the  shaft  be  carried  along  the  factory,  a 
pinion  at  one  end  of  a  room  may  give  motion  to  or  receive  it 
from  a  wheel  upon  the  same  shaft  at  the  other  end. 

21*4.  Crown  wlieels. — When  the  teeth  are  formed  in  the 
surface  of  a  hoop  or  cylinder,  so  as  to  be  directed  parallel  to 
the  axis,  as  shown  in^.  181,  the  wheel  is  called,  from  its  form, 
a  crovm  wheel.  If  the  teeth  of  such  a  wheel  be  engaged  in  those 
of  a  spur  wheel,  as  in  the  figure,  the  axis  of  the  latter  must  ob- 
viously be  at  right  angles  to  that  of  the  former. 


Fig.  182. 


Fig.  183. 


Sometimes  the  crown  wheel  works  in  a  sort  of  cylindrical 
basket  on  a  shaft  at  right  angles  to  its  axis,  as  shown  in  f^. 
182. 
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215.  Bevelled  wbeels  are  such  as  have  their  teeth  inclined 
to  the  shaft,  as  shown  in^.  183.  By  this  expedient  motion 
may  be  imparted  from  one  shaft  to  another  inclined  to  it  at  any 
angle. 

216.  Rack  and  pinion. — When  it  is  desired  to  impart  a 
rectilinear  motion  of  limited  range  by  means  of  the  rotation  of 
an  axle,  the  object  is  attained  by  the  combination  of  a  spur 
wheel  or  pinion  with  a  straight  bar  having  teeth  of  correspond- 
ing form  and  magnitude  formed  upon  it.  Such  a  toothed  bar 
is  called  a  rack.  The  mode  of  action  of  such  a  combination  is 
shown  in^.  184. 


i-ig.  185. 


The  efficacy  of  the  power  is  generally  increased  by  the  com- 
bination of  two  or  more  wheels  and  pinions,  as  shown  in  fig, 
185,  where  the  handle  drives  the  pinion  d  which  works  in  the 
wheel  B,  on  the  axle  of  which  is  the  pinion  which  drives  the 
rack  A. 

217.  Racbet  wheel. — When  it  is  desired  to  have  an  axle  or 
shaft  to  revolve  in  one  direction,  but  not  in  the  other,  the 
object  is  accomplished  by  fixing  upon  it  a  wheel 
having  teeth,  n  (fig.  186),  inclined  in  the  direc- 
tion contrary  to  that  in  which  it  is  intended  the 
shaft  should  be  frefe  to  move.  A  catch ,  o  tn, 
falls  between  these  teeth,  and  stops  all  motion 
Fig.  186.  of  the  wheel  directed  against  it ;  but  when  the 
wheel  turns  in  the  other  direction,  the  catch  falls  from  tooth 
to  tooth,  producing  a  clicking  noise. 
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PULLEYS. 

218.  Ropes   neither  perfectly   flexible   nor  smootb. — 

Although  the  term  pulley  implies  the  combination  of  a  rope 
and  a  wheel  on  which  it  runs,  the  practical  effects  of  the  simple 
machine  so  denominated  depend  altogether  on  the  rope  ;  the 
wheel  being  introduced  for  the  mere  purpose  of  diminishing  the 
effects  of  friction  and  imperfect  flexibility,  the  consideration  of 
both  of  which  are  omitted  in  theory.  If  a  rope  were  perfectly 
flexible,  and  were  capable  of  being  bent  over  a  sharp  edge,  and 
of  moving  upon  it  without  friction,  we  should  be  enabled  by 
its  means  to  make  a  force  in  any  one  direction  overcome  a  re- 
sistance or  communicate  a  motion  in  any  other  direction. 

Thus,  if  a  perfectly  flexible  rope,  f  s  (fig.  187),  pass  over  a 
sharp  edge  p,  and  be  connected  with  a  weight  R  vertically,  a 
force  acting  obliquely  in  the  direction  p  p  will 
raise  the  weight  vertically  in  the  direction  r  q  ; 
but  as  no  material  of  which  ropes  can  be  made 
can  render  them  perfectly  flexible,  and  as  in4)ro- 
portion  to  the  strength  by  which  they  are  enabled 
to  transmit  force  their  rigidity  increases,  it  is 
necessary  in  practice  to  adopt  means  to  remedy 
or  mitigate  those  effects  which  attend  the  absence 
of  perfect  flexibility,  and  which  would  otherwise^        ^^e- 187. 
render  cords  practically  inapplicable  as  machines. 

But,  besides  the  want  of  perfect  flexibility,  the  surface  of  the 
rope  is  always  rough,  and  often  considerably  so.  This  surface  in 
passing  over  an  edge,  would  produce  a  degree  of  friction  which 
would  altogether  stop  its  movement.  If  a  rope  were  applied  in 
some  direction  to  a  resistance  acting  in  another,  some  force 
would  be  necessary  to  bend  it  over  the  angle  p,  which  the  two 
directions  form  one  with  the  other  ;  and,  if  the  angle  were  sharp 
the  effect  of  such  a  force  might  be  the  rupture  of  the  rope. 

219.  ir»e  of  sheaves. — ^But  if,  instead  of  bending  the  rope 
at  one  point  over  a  single  acute  angle,  the  change  of  direction 
were  produced  by  successively  deflecting  it  over  several  angles, 
each  of  which  would  be  less  sharp,  the  force  necessary  for  the 
deflection  and  the  liability  of  breaking  the  cord  would  be  dimin- 
ished. But  such  object  will  be  stlQ  more  effectually  attained  if 
the  cord  be  deflected  over  the  surface  of  a  curve. 

If  the  rope  were  applied  merely  to  sustain  a  weight  without 
moving  it,  a  curved  surface  would  therefore  be  sufiicient  to  re- 
move the  inconvenience  arising  from  imperfect  flexibility ;  but 
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when  motion  is  required,  the  rope,  in  passing  over  such  a  sur- 
face, would  be  subject  to  great  friction  and  rapid  wear.  Thi« 
inconvenience  is  removed  by  causing  the  surface  on  which  the 
rope  runs  to  move  with  it,  so  that  no  more  friction  is -produced 
than  would  arise  from  the  curved  surface  itself  rolling  upon  the 
rope.  These  objects  are  attained  by  the  common  pulley,  which 
conEtists  of  a  wheel  called  a  sheave,  fixed  in  a  running  block 
turning  on  a  pivot.  A  groove  is  formed  in  the  edge  of  the  wheel, 
in  which  the  rope  runs,  the  wheel  revolving  with  it. 

This  apparatus  is  represented  in ^.  i88.  Notwithstanding, 
however,  that  this  expedient  removes  the  friction  and  rigidity 
to  so  great  a  degree  as  to  render  the  use  of  the 
cord  practically  available,  it  must  not  be  sup- 
posed that  these  effects  are  altogether  overcome  ; 
they  still  produce  some  impediment  to  the  full 
efficiency  of  the  power,  as  will  be  explained 
more  fully  hereafter.  For  the  present,  however, 
we  shall  consider  the  rope  as  rendered  by  this 
expedient  flexible  and  free  from  friction. 
By  means  of  a  -single  sheave,  a  power  acting  in  any  one  di- 
rection may  be  made  to  transmit  its  effects  to  a  resistance  acting 
at  some  distance  in  any  other  direction,  provided  the  two  lines 
of  direction  be  in  the  same  plane,  and  not  parallel.  Thus,  let 
A  B  {fig.  189)  be  the  direction  in  which  the  power  acts,  and  let 
c  D  be  the  direction  in  which  th^  weight  or  resistance  acts. 


Fig.  il 


,ft, 
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Fig.  189. 


Fig.  iQo. 


To  transmit  in  this  case  the  power  to  the  weight,  let  the  two 
directions  b  a  and  d  0  be  prolonged  until  they  meet,  which  they 
will  do  at  o.  In  the  angle  o,  formed  by  the  two  directions,  let 
a  sheave  be  placed,  and  let  the  power  be  connected  with  a  rope 
in  the  direction  b  a.     This  rope,  being  carried  from  a  over  the 
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i^heave  at  o,  must  be  brought  down  in  the  direction  c  d,  and 
connected  with  the  resistance. 

220.  Power  and  resistance  parallel. — But  if  the  direction 
of  the  power  and  resistance  be  parallel,  as  in^.  190,  then  the 
effect  of  the  power  might  be  transnfitted  to  the  weight  by  means 
of  a  cord  and  two  fixed  pulleys,  one  placed  over  the  direction  of 
the  force,  and  the  other  over  the  direction  of  the  weight,  as  re- 
presented in  the  figure. 

In  fine,  if  the  direction  of  the  power  and  the  weight  be  not 
placed  in  the  same  plane,  then  the  effect  of  the  power  may  still 
be  transmitted  to  the  weight  by  means  of  two  pulleys.  Let  us 
suppose,  for  example,  that  a  power  acting  in  a  given  horizontal 
line  is  required  to  be  transmitted  to  a  weight  acting  at  some  dis- 
tance from  it,  in  a  certain  vertical  line,  which  is  not  in  the  same 
plane  with  the  direction  of  the  power. 

Let  two  fixed  pulleys  be  placed  at  two  points  in  any  conveni- 
ent positions  on  the  lines  of  direction  of  the  power  and  weight, 
and  let  a  line  be  supposed  to  join  these  points.  Let  the  axis  of 
one  of  the  pulleys  be  placed  at  right  angles  to  the  plane  formed 
by  the  line  of  direction  of  the  power  and  the  line  joining  the 
two  pulleys,  and  let  the  other  be  placed  with  the  axis  at  right 
angles  to  the  plane  passing  through  the  line  of  direction  of  the 
weight  and  the  line  joining  the  -two  pulleys.  By  this  arrange- 
ment, the  cord  being  passed  successively  over  both  pulleys,  the 
effect  of  the  power  wiU  be  transmitted  to  the  weight. 

221.  Single  rope  and  fixed  pulley. — In  all  these  cases, 
the  same  cord  by  which  the  weight  is  suspended  being  directly 
connected  with  the  power,  and  its  tension  throughout  its  entire 
length  being  the  same,  the  weight  and  the  power  must  be  equal 
when  they  are  in  equilibrium.  This  condition  is  also  rendered 
manifest  by  the  fact,  that  from  the  motion  of  the  mechanism 
connecting  it,  the  weight  and  power  will  move  with  the  same 
velocity.  It  appears,  therefore,  that  no  mechanical  advantage 
is  gained  by  a  single  rope  acting  over  one  or  more  fixed  pulleys ; 
nevertheless,  there  is  scarcely  any  engine,  simple  or  complex, 
which  is  attended  with  more  convenience. 

In  the  application  of  power,  whether  of  man  or  animals, 
or  arising  from  other  natural  forces,  there  are  always  some  direc- 
tions in  which  it  may  be  exerted  to  greater  convenience  and 
advantage  than  others,  and  in  many  cases  the  power  is  capable 
of  acting  in  only  one  particular  direction.  Any  expedient,  there- 
fore, which  can  give  the  most  advantageous  direction  to  the 
moving  power,  whatever  be  the  direction  of  the  resistance 
opposed  to  it,  contributes  as  much  practical  convenience  as  one 
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which  enables  a  small  power  to  balance  or  overcome  a  ^eat 
weight. 

By  means  of  the  fixed  pulley  a  man  may  raise  himself  to  a 
considerable  height,  or  descend  to  any  proposed  depth.  If  he 
be  placed  in  a  chair  or  a  basket  attached  to  one  end  of  a  rope 
which  is  carried  over  a  fixed  pulley,  by  laying  hold  of  this  rope 
on  the  other  side,  he  may,  at  will,  descend  to  a  depth  equal  to 
half  of  the  entire  length  of  the  rope,  by  continually  yielding 
rope  on  the  one  side,  and  depressing  the  basket  or  chair  by  his 
weight  on  the  other.  Fire  escapes  have  been  constructed  on  this 
principle,  the  fixed  pulley  being  attached  to  some  part  of  the 
building. 

222.  SlBffle  movaMe  pnlley. — A  single  movable  pulley  is 
represented  in^.  191  ;  a  cord  is  carried  from  a  fixed  point  p^ 


Fig.  igi. 


Fig.  192. 


and  passing  through  a  block  b  attached  to  a  weight  w,  passes 
over  a  fixed  pulley  c,  the  power  being  applied  at  p.  We  shall 
first  suppose  the  parts  of  the  cord  on  each  side  the  wheel  b  tobe 
parallel :  in  this  case  the  whole  weight  w  being  sustained  by  the 
parts  of  the  cords  b  c  and  b  f,  and  these  parts  being  equally 
stretched,  each  must^  sustain  half  the  weight,  which  is  there- 
fore the  tension  of  the  cord.  This  tension  is  resisted  by  the 
power  at  p,  which  must  therefore  be  equal  to  half  the  weight. 

In  this  machine,  therefore,  the  weight  is  twice  the  power. 

If  the  parts  of  the  cord  b  c  and  b  r  be  not  parallel,  as  in^. 
192,  a  greater  power  than  half  the  weight  will  be  necessary 
to  sustain  it.  To  determine  the  power  necessary  to  support  a 
given  weight  in  this  case^  take  the  line  b  a  in  the  vertical  direc- 
tion, consisting  of  as  many  inches  as  the  weight  consists  of 
ounces  ;  from  a  draw  a  d  parallel  to  b  c,  and  a  e  parallel  to  b  f  : 
the  force  of  the  weight  represented  by  a  b  will  be  equivalent  to 
two  forces  represented  by  b  d  and  b  b.  The  number  of  inches 
in  these  lines  respectively  will  represent  the  number  of  ounces 
which  are  equivalent  to  the  tendons  of  the  parts  b  f  and  b  c  of 
the  cord.     But  as  these  tensions  are  equal,  b  d  and  b  e  must 
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be  equal,  and  each  will  express  the  amount  of  the  power  p, 
which  stretches  the  cord  at  p  o. 

It  is  evident  that  the  four  lines  a  b,  e  b,  b  d,  and  d  a  are 
equal,  and  as  each  of  them  represents  the  power,  the  weight 
which  is  represented  by  a  b  must  be  less  than  twice  the  power 
which  is  represented  by  A  b  and  b  b  taken  together.  It  follows, 
therefore,  that  as  the  parts  of  the  rope  which  support  the  weight 
depart  from  parallelism,  the  machine  becomes  less  and  less  effica- 
cious ;  if  the  inclination  of  the  strings  is  as  much  as  120°,  the 
power  is  equal  to  the  weight  ;  if  the  angle  becomes  greater  the 
equilibrating  power  would  become  greater  than  the  weight. 

223.  Combinations. — If  several  sheaves  be  constructed  in 
the  same  movable  block,  the  mechanical  advantage  may  be  pro- 
portionally augmented.  In  fig.  193  a  system  is 
represented  in  which  three  sheaves  are  inserted  in 
the  movable  block  bearing  the  weight,  the  same 
number  being  inserted  in  the  fixed  block.  The 
cord  is  carried  from  the  power  first  over  the  fixed 
sheave  A,  then  over  the  movable  sheave  b,  then 
over  the  fixed  sheave  c,  the  movable  sheave  d,  the 
fixed  sheave  b,  and  the  movable  sheave  f,  and 
finally  attached  to  the  block  at  g. 

Now,  since  the  cord  throughout  its  whole  length 
is  stretched  with  the  same  force,  and  since  it  is 
evident  that  at  the  part  where  the  power  is  applied, 
this  force  of  tension  must  be  equal  to  the  power, 
it  follows  that  the  six  parts  of  the  cord  which  sup- 
port the  weight  will  each  be  stretched  by  a  force 
equal  to  the  power,  and  that  consequently  the 
weight,  when  in  equilibrium,  must  be  equal  to  six  times  the 
power. 

This  condition  may  also  be  inferred  from  the  fact,  that  if  the 
power  move  the  cord,  its  velocity  wiU  be  six  times  that  of  the 
weight ;  for  if  six  feet  of  the  rope  be  drawn  over  the  fiixed 
pulley,  these  six  feet  must  be  equally  distributed  between  the 
six  parts  of  the  rope  which  sustain  the  weight,  and  consequently 
each  part  must  be  raised  through  one  foot,  which  is  therefore 
the  height  through  which  the  weight  would  be  raised  for  every 
six  feet  through  which  the  power  passes. 

In  general  it  may  therefore  be  inferred,  that,  in  a  pulley 
which  consists  of  a  single  movable  block  containing  one  or  more 
sheaves,  the  weight,  when  in  equilibrium,  will  be  just  as  many 
times  the  power  as  is  represented  by  the  number  of  cords,  or  the 
number  of  parts  of  the  cord,  which  sustain  the  weight. 
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In  the  form  of  movable  block  repreeented  in  fig,  194,  the 
cord,  after  passing  successively  over  the  sheaves,  is  finally 
attached  to  the  lower  block.  This,  by  increasing  the  parts  of 
the  cords  supporting  the  lower  block  by  one,  augments  the 
efficiency  of  the  instrument  without  increasing  the  number  of 
sheaves. 

Two  of  the  most  powerful  forms  of  pulley,  consisting  of  a 
single  movable  block,  are  represented  in  figs.  195  and  196. 
The  combination  represented  in  fig,  195  is  called  Smeaton's 
pulley,  having  been  invented  by  that  celebrated  engineer.  The 
fixed  and  movable  block  contain  each  ten  sheaves,  and  the 
order  in  which  the  rope  is  carried  over  them  is  represented  in 


7.  a,  11.13  IS. 


Fig.  194- 


Fig.  ij6. 


the  figure  by  the  numbers  i,  2,  3,  4,  &c.  The  total  number 
of  parts  of  the  cord  supporting  the  lower  block  is  in  this  case 
twenty,  and  consequently  the  power  is  to  the  weight  as  i 
to  20. 

The  form  of  pulley  represented  in  fi>g,  196  is  called  White's 
pulley. 

If,  instead  of  one  movable  block  and  a  single  rope,  two  or 
more  movable  blocks  with  independent  ropes  be  used,  the  power 
of  the  pulley  may  be  augmented  on  the  same  principle  as  in  the 
case  of  compound  levers  or  compound  wheel- work. 

Different  combinations  of  this  kind  ai*e  represented  in  fi^s, 
197,  198,  199,  200. 

The  figures  which  are  annexed  to  the  ropss  in  each  case  re- 
present the  power  they  respectively  exert. 
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The  first  rope  in  fig.  197  is  stretched  by  the  force  of  the 
power  only.  The  first  movable  block  being  supported  by  two 
parts  of  this  first  rope  will  exert  a  force  equal  to  double  the 
power  on  the  second  rope  ;  and  the  second  movable  block  being 
supported  by  two  parts  of  this  rope  will  exert  a  force  upon  the 
third  rope  equal  to  four  times  the  power  ;  and  in  the  same  way 
it  follows  that  the  third  block  will  exert  a  force  in  supporting 
the  weight  equal  to  eight  times  the  power.  In  such  a  system, 
the  addition  of  each  movable  block  doubles  the  mechanical 
effect. 


Fig.  197. 


Fig.  198. 


Fig.  199. 


Fig.  200. 


But  without  augmenting  the  number  of  movable  blocks,  by 

only  adding  fixed  blocks  the  effect  may  be   augmented  in  a 

three-fold  instead  of  a  two-fold  proportion,  as  represented  in 

fi^.  198,  where  each  successive  movable  block  is  supported  by 

three  parts  of  the  same  cord.    In^.  199  the  ends  of  the  cords, 

instead  of  being  attached  to  fixed  points,  are  attached  to  the 

weight.     In  this  case,  the  weight  is  supported  by  each  of  the 

several  cords,  these  cords  being  stretched  by  different  forces. 

The  first  is  stretched  with  a  force  equal  to  the  power,  the  second 

with  a  force  equal  to  double  the  power,  and  the  third  with  a 

force  equal  to  four  times  the  power,  and  so  on.     In  such  a 

system,  the  mechanical  effect  for  the  same  number  of  blocks  is 

greater  than  in  that  represented  in  fi^.  197,  where  three  blocks 

only  support  a  weight  four  times  the  power  ;  whereas  in  the 

system  represented  in^.  199,  three  blocks  support  seven  times 

the   power.      The  effect  of  this  system  may  be   still   further 

increased  by  attaching  blocks  to  the  weight,  as  represented  in 

fi/g.   200,  and  carrying  the  ropes  to  the  pulleys  above.     The 

effect  produced  is  indicated  by  the  numbers  fixed  to  the  cords 

and  to  the  weights. 
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•   224.  Fraotloal  effect  very  different  from  tbeoretieal. — 

From  its  portable  form,  cheapness  of  construction,  and  the 
facility  with  which  it  may  be  applied  in  almost  every  situation, 
the  pulley  is  one  of  the  most  useful  of  the  simple  machines. 
The  mechanical  advantage,  however,  which  it  appears  to  possess 
in  theory,  is  considerably  diminished  in  practice,  owing  to  the 
stiffness  of  the  cordage  and  the  friction  of  the  wheels  and  blocks. 
By  these  means  it  is  computed  that  in  most  cases  so  great  a 
proportion  as  two- thirds  of  the  power  is  lost.  The  pulley  is 
much  used  in  building  when  weights  are  to  be  elevated  to  great 
heights;  but  its  most  extensive  application  is  found  in  the 
ligging  of  ships,  where  almost  every  motion  is  accomplished  by 
its  means. 

In  all  these  examples  of  pulleys,  we  have  supposed  the  parts 
of  the  rope  sustaining  the  weight,  and  each  of  the  movable 
pulleys,  to  be  parallel  tp  each  other.  If  they  be  subject  to 
considerable  inclinations,  the  relative  tensions  of  the  different 
ropes  must  be  estimated  according  to  the  principle  explained  in 
the  case  of  a  single  oblique  cord. 

INCLINED   PLANE.  ^WBDGE  AND   SCREW. 

225.  Bffect  Of  an  inclined  earllace. — A  hard  surface  pressed 
against  a  weight  or  resistance  in  a  direction  at  right  angles  to 
it  would  support  it,  and  the  whole  amount  of  such  weight  or 

resistance  would  in  this  case 
press  upon  the  surface.  But 
if,  instead  of  being  at  right 
angles  to  it,  it  were  placed  in 
an  oblique  direction,  then  the 
weight  or  resistance  would  be 
resolved  in  accordance  with  the 
parallelogram  of  forces  into 
two,  one  of  which  would  act 
perpendicularly  to  the  plane 
and  produce  pressure  upon  it, 
and  the  other  would  be  parallel 
to  the  plane,  and  be  free  to 
produce  motion. 

Let  A  B,  fig.  201,  be  such  a 
surface,  and  let  w  be  a  body 


Fig.  201.' 


producing  some  resistance,  or  having  a  tendency  to  move  in  .the 
direction  b'  Af.  oblique  to  B  a.  Let  the  whole  force  with  which 
w  would  move  if  not  supported  by  the  plane  be  expressed  by 
b'  h!.     Then,  taking  b'  a'  as  the  diagonal  of  a  parallelogram  one 
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of  whose  sides  is  b'  g'  at  right  angles  to  b  A,  and  the  other  e'd 
in  the  direction  of  the  plane,  the  force  b'  a'  will  be  equivalent 
to  two  forces,  one  represented  by  b'  c',  and  the  other  by  b'  d. 
The  former,  being  perpendicular  to  the  plane,  will  be  resisted 
by  its  reaction,  and  the  other  only  will  take  effect*  To  support 
the  weight,  therefore,  in  this  case,  would  require  a  force  acting 
parallel  to  the  plane,  and  opposite  to  the  force  represented  by 
B^  D.  If  we  take  on  the  plane  the  length  b  a  equal  to  b'  a", 
and  draw  a  c  parallel  to  b'  A',  and  b  C  perpendicular  to  it,  then 
the  triangle  a  b  c  will  be  in  all  respects  equal  and  similar  to 
Af  b'  c'  ^  in  fact,  it  may  be  considered  as  the  same  triangle,  but 
in  a  different  position.  Since,  therefore,  Af  b',  b'  c',  and  a'  c' 
represent  respectively  the  whole  force  acting  on  the  body  w,  its 
pressure  on  the  plane, 'and  its  tendency  to  move  in  the  direction 
of  the  plane,  these  three  forces  will  be  exactly  represented  in 
their  effects  by  the  lines  a  Bj  jb  0,  and  a  c. 

We  have  here  taken  the  general  case,  and  supposed  the  body 
w  to  exercise  a  force  in  any  direction  whatever ;  but  if  we  apply 
the  principle  to  the  case  of  a  heavy  body  resting  upon  a  plane 
inclined  to  the  vertical  direction,  then  the  arrangement  becomes 
what  is  commonly  called  the  inclined  plane.  A  b  is  called  the 
length  of  the  plane,  a  c  its  height,  and  b  c  its  base. 

From  what  has  been  just  proved,  then,  it  follows,  that  if  a 
weight  be  placed  upon  an  inclined  plane,  the  weight  consisting 
of  as  many  pounds  as  there  are  inches  in  the  length  of  the  plane, 
the  pressure  on  the  plane  will  consist  of  as  many  pounds  as 
there  are  inches  in  the  base,  and  the  tendency  to  move  down 
the  plane  would  be  balanced  by  as  many  pounds  as  there  are 
inches  in  the  height. 

The  apparatus  represented  in  fig.  202  is  intended  to  prove 
this  experimentally.  The  weight  placed  upon  the  plane  is  a 
roller  so  formed  as  to  move  freely 
upon  it.  A  string  is  attached  to 
it,  which  being  carried  parallel  to 
the  plane  is  conducted  over  a  fixed 
pulley,  and  supports  a  dish  bear- 
ing a  weight.  On  comparing  this 
weight,  including  the  weight  of 
the  dish,  with  the  weight  of  the  Fig.  202. 

roller  upon  the  plane,  and  by  varying  the  angle  of  elevation 
of  the  plane,  we  find  that  in  every  case  the  weight  necessary  to 
produce  equHibrium  will  be  expressed  by  the  height  of  the  plane, 
the  entire  weight  of  the  roller  being  expressed  by  its  length. 

It  is  evident  from  what  has  been  just  explained  that  the  less 
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the  elevation  of  the  plane  is,  the  less  will  be  the  power  requisite 
to  sustain  a  given  weight  upon  it,  and  the  greater  wiU  be  the 
pressure  upon  it ;  for  the  less  the  elevation  of  the  plane  is,  the 
less  will  be  its  height  and  the  greater  will  be  its  base. 

226.  iBoliaed  roads. —Roads  which  are  not  level  maybe 
considered  as  inclined  planes,  and  loads  drawn  upon  them  in 
carriages,  regarded  in  reference  to  the  powers  which  impel  them, 
are  subject  to  all  the  conditions  which  have  been  established  for 
inclined  planes. 

The  inclination  of  the  road  is  estimated  by  the  height  cor- 
responding to  some  proposed  length  :  thus  we  say,  a  road  rises 
one  foot  in  twenty-five,  or  one  foot  in  thirty  ;  meaning  that  if 
twenty-five  or  thirty  feet  of  the  road  be  taken  as  the  length  of 
an  inclined  plane,  the  corresponding  height  of  such  plane  would 
be  one  foot ;  and  if  twenty-five  or  thirty  feet  be  measured  upon 
the  road,  the  diflference  of  the  level  of  the  two  extremities  will 
be  one  foot.  According  to  this  method  of  estimating  the  inclina- 
tion of  roads,  the  power  required  to  sustain  a  load  upon  them:; 
friction  apart,  is  always  proportional  to  this  rate  of  elevation. 
If  a  road  rise  one  foot  in  twenty,  then  a  power  of  one  ton  will 
be  sufficient  to  sustain  twenty  tons,  and  so  on. 

227.  Inolined  planes  on  railwajs.— When  a  power  is  em- 
ployed in  moving  a  load  upon  a  road  thus  inclined,  the  action 
of  the  power  may  also  be  regarded  in  another  point  of  view. 
Let  us  suppose  a  railway  train  weighing  200  tons  moving  up  an 
inclined  plane,  which  rises  at  the  rate  of  one  in  two  hundired ; 
what  mechanical  effect  does  the  moving  power  produce  in 
moving  up  200  feet  of  such  a  plane  ?  First,  it  acts  against  the 
friction,  the  atmospheric  and  other  resistances  to  which  it  would 
be  exposed  if  the  plane  had  been  level.  Secondly,  it  is  em- 
ployed in  raising  the  entire  weight  of  the  train  through  the 
elevation  which  corresponds  to  200  feet  in  length,  that  is, 
through  one  perpendicular  foot. 

The  mechanical  effect,  therefore,  is  precisely  the  same  as  if 
the  load  of  200  tons  had  been  first  moved  along  a  level  plane 
200  feet  long,  and  then  elevated  up  a  step  one  foot  high  ;  but 
instead  of  being  called  upon  to  make  this  great  exertion  of 
raising  200  tons  directly  through  one  perpendicular  foot,  the 
moving  power  is  enabled  gradually  to  accomplish  the  same  object 
by  a  longer  continuance  of  a  more  feeble  exertion  of  force,  such 
exertion  being  spread  over  200  feet  instead  of  being  condensed 
into  a  single  foot. 

In  all  that  precedes,  we  have  assumed  that  the  power  acts 
parallel  to  the  plane  ;  in  some  cases,  however,  it  acl»  obliquely 
to  it. 
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Let  w  p,  fig.  203,  be  the  direction  of  the  power.  Taking 
that  as  the  diagonal  of  a  parallelogram,  it  will  be  equivalent  to 
w  D  and  w  b,  the  former  perpendicular,  and  the  latter  parallel 
to  the  plane,  w  d  will  have  the  eflfect  of  diminishing  the  pres- 
sure on  the  plane,  and  w  e  will  be  efficient  in  drawing  the 
weight  up  the  plane.  In  some  cases  the  direction  of  the  power 
is  below  the  plane,  as  in  fi^g.  204.     In  this  case,  as  before,  the 


Fig.  203. 


Fig.  204. 


power  w  p  is  resolved  into  two  forces,  w  e  parallel  to  the  plane, 
and  w  D  perpendicular  to  it.  The  latter  augments  the  pressure 
of  the  weight  on  the  plane,  and  the  former  is  efficient  in  draw- 
ing it  up  the  plane. 

The  method  of  drawing  up  or  letting  down  barrels  from  or 
into  a  cellar,  represented  in  fig,  205,  and  that  of  drawing  them 


Fig. '.  05. 


upon  a  dray,  shown  in  fi^.  206,  are  cases  of  the  inclined  plane 
which  will  be  easily  understood. 
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228.  Bonble  inclined  plane. — It  sometimes  happens  tKat  a 
weight  upon  one  inclined  plane  is  raised  or  supported  by  another 
weight  upon  another  inclined  plane.  Thus,  if  A  b  and  a  b',  fig. 
207,  be  two  inclined  planes,  forming  an  angle  at  a,  and  w  w' 


Fig,  ,206. 

be  two  weights  placed  upon  these  planes,  and  connected  by  a 
cord  passing  over  a  pulley  at  a,  the  one  weight  will  either  sus- 
tain the  other,  or  one  will  descend,  drawing  the  other  up.  To 
determine  the  circumstances  under  which  these  eflfects  wUl 
ensue,  draw  the  lines  w  d  and  w'  d'  in  the  vertical  direction, 
and  take  upon  them  as  many  inches  as  there  are  ounces  in  the 

weights  respectively,  w  d  and 
w'  d'  being  the  'lengths  thus 
taken,  and  therefore  representing 
the  weights,  the  lines  w  e  and 
w*'  e'  will  represent  the  eflfects  of 
these  weights  respectively  down 
the  planes.  If  w  e  and  w'  e'  be 
equal,  the  weights  will  sustain 
each  other  witliout  motion  ;  but  if  w  E  be  greater  than 
w'  e',  the  weight  w  will  descend,  drawing  the  weight  w'  up  ; 
and  if  w'  e'  be  gi-eater  than  w  e,  the  weight  w'  will  descend, 
drawing  the  weight  w  up.  In  every  case  w  f  and  w'  f'  will 
represent  the  pressures  upon  the  planes  respectively. 

229.  Self-acting:  planes. — It  is  not  necessary,  for  the  effect 
just  described,  that  the  inclined  planes  should,  as  represented 
in  the  figure,  form  an  angle  with  each  other.  They  may  be 
parallel,  or  in  any  other  position,  the  rope  being  carried  over  a 
sufficient  number  of  wheels,  placed  so  as  to  give  it  the  necessary 
deflection.  This  method  of  moving  loads  is  frequently  apphed 
in  great  public  works  where  railroads  are  used.  Loaded  wag- 
gons descend  one  inclined  plane,  while  other  waggons,  either 
empty  or  loaded,  so  as  to  permit  the  descent  of  those  with  which 
they  are  connected,  are  drawn  up  the  other. 
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230.  ihe  ^odffe.— When  the  weight  is  not  moved  upon  the 
plane,  but  is  stationary,  the  plane  being  itself  moved  under  the 
weight,  the  machine  is  called  a  wedge. 

Let  D  E,  fig.  208,  be  a  heavy  beam,  secured  in  a  vertical 
position  between  guides,  f  g  and  h  i,  so  that  it  is  free  to  move 
upwards  and  downwards,  but  not  laterally.     Let  A  b  c  be  an  in- 


Fig.  ?o8. 


Fig.  209. 


cJined  plane,  the  extremity  of  which  is  placed  beneath  the  end 
of  the  beam.  A  force  applied  to  the  back  of  this  plane  a  c,  in  the 
direction  c  p,  will  urge  the  plane  under  the  beam  so  as  to  raise 
the  beam  to  the  position  represented  in  fi^.  209.  Thus,  while 
the  inclined  plane  is  moved  through  the  distance  c  b,  the  beam 
is  raised  through  the  height  c  a. 

It  follows,  therefore,  that  in  the  case  of  the  wedge  the  velo- 
city of  the  resistance  is  to  the  velocity  of  the  weight  as  the 
base  of  the  inclined  plane,  wrhich  forms  the  ^edge,  is  to  its 
height. 

Wedges,  however,  are  more  generally  formed  of  two  inclined 
planes,  connected  base  to  ba,se,  as  represented  in 
fig.  210.  In  this  case,  the  back  of  tjie  wedge  is 
the  sum  of  the  heights  of  the  two  inclined  planes, 
and  the  length  of  the  wedge,  is  their  common 
base.  The  force,  therefore,  which  drives  the 
wedge  is  to  the  resistance  with  which  it  equili- 
brates, as  half  the  back  of  the  wedge  is  to  its 
length. 

This  theory  of  the  wedge  is  not  applicable  in 
practice  with  any  degree  of  accuracy.  This  is 
owing  chiefly  to  the  enormous  disproportion  which 
friction  in  these  machines  bears  to  the  power ; 
but  independently  of  this  there  is  another  difliculty  in  the 
theory  of  this  machine. 


Fig.  210. 
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The  power  commonly  used  in  the  case  of  a  wedge  is  not 
pressure,  but  percussion.  The  force  of  a  blow  is  of  a  nature  so 
different  from  continued  force,  such  as  the  pressure  of  weights, 
that  it  admits  of  no  numerical  comparison  with  the  resistance 
offered  by  cohesion,  to  overcome  which  it  is  generally  applied. 
We  cannot  exactly  state  the  proportion  which  a  blow  bears  to 
a  weight.  The  wedge  is  almost  invariably  urged  by  i>ercu88ion, 
while  the  resistances  which  it  has  to  overcome  are  as  constantly 
forces  of  another  kind.  Although,  however,  no  exact  numeri- 
cal computation  can  be  made,  yet  it  may  be  stated  in  general 
that  the  wedge  is  more  and  more  powerful  as  the  angle  is  more 
acute. 

The  cases  in  which  wedges  are  most  generally  used  in  the 
arts  and  manufactures,  are  those  in  which  an  intense  force  is 
required  to  be  exerted  through  a  very  small  space.  This  instru- 
ment is  therefore  used  for  splitting  masses  of  timber  or  stone, 
for  raising  vessels  in  docks,  when  they  are  about  to  be  launched,  ^ 
by  being  driven  under  their  keels,  in  presses  where  the  juice  of 
seeds,  fruits,  or  other  substances  are  required  to  be.  extracted, 
as,  for  example,  in  the  oil  mill,  in  which  the  seeds  from  which 
the  oil  is  extracted  are  introduced  into  hair  bags,  which  being 
placed  between  planes  of  hard  wood  are  pressed  by  wedges. 
The  pressure  exerted  by  the  wedges  is  so  intense  that  the  dry 
seeds  are  converted  into  solid  masses  as  hard  and  compact  as 
the  most  dense  woods.  Wedges  have  been  used  occasionally  to 
restore  to  the  perpendicular,  edifices  which  have  inclined  owing 
to  the  sinking  of  their  foundations. 

231.  VraotloAl  examples. — ^All  cutting  and  piercing  instru- 
ments, such  as  knives,  razors,  shears,  scissors,  chisels,  nails, 
pins,  needles,  &c.,  are  wedges.  The  angle  of  the  wedge  in  all 
these  cases  is  more  or  less  acute,  according  to  the  purpose  to 
which  it  is  applied.  Chisels  intended  to  cut  wood  have  their 
edge  at  an  angle  of  about  30°  ;  for  cutting  iron  from  50°  to  66°, 
and  for  brass  about  80°  to  90°.  In  general,  tools  which  are 
urged  by  pressure  admit  of  being  sharper  than  those  which  are 
driven  by  percussion.  The  softer  or  more  yielding  the  sub- 
stance to  be  divided  is,  the  more  acute  the  wedge  may  be  con- 
structed. 

232.  vtllity  of  fHotlon. — In  many  cases  the  efficiency  of 
the  wedge  depends  on  that  which  is  entirely  omitted  in  its 
theory,  viz.,  the  friction  which  arises  between  its  surface  and 
the  substance  which  it  divides.  This  is  the  case  when  pins, 
bolts,  or  nails  are  tised  for  binding  the  parts  of  structures 
together,  in  which  case,  were  it  not  for  the  friction,  they  would 
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recoil  from  their  places  and  fail  io  produce  the  desired  effect. 
Even  when  the  wedge  is  used  as  a  mechanical  engine  the  pre- 
sence of  friction  is  absolutely  indispensable  to  its  practical 
utility. 

The  power,  as  has  already  been  stated,  generally  acts  by 
successive  blows,  and  is  therefore  subject  to  constant  intermis- 
sion, and  but  for  the  friction  the  wedge  would  recoil  between 
the  intervals  of  the  blows  with  as  much  force  as  it  had  been 
driven  forward.  Thus  the  object  of  the  labour  would  be  con- 
tinually frustrated.  The  friction  in  this  case  is  of  the  same  use 
as  a  ratchet-wheel,  but  is  much  more  necessary,  as  the  power 
applied  to  the  wedge  is  much  more  liable  to  intermission  than 
in  the  cases  where  ratchet-wheels  are  generally  used. 

233.  Tbe  seraw. — In  ascending  a  steep  hill  it  has  been  the 
practice  of  road  engineers,  instead  of  making  an  inclined  plane 
direojbly  from  the  base  to  the  summit,  to  carry  the  road  round 
the  hill,  gradually  rising  as  it  proceeds.  If  we  desire  to  ascend 
with  ease  to  the  top  of  a  high  column,  we  could  do  so  if  a  path  or 
ledge  were  formed  on  the  outer  surface,  gradually  winding  round 
and  round  the  column  from  the  bottom  to  the  top.  Such  a 
path  would  be,  in  fact,  an  inclined  plane  carried  round  the 
column.  But  it  will  be  evident  that  such  an  arrangement  would 
constitute  a  screw.  This  will  be  rendered  still  more  apparent  by 
the  following  contrivance  : — 


Fig.  an. 


Fig.  212. 


Let  A  B,  fig.  21 1,  be  a  cylindrical  roller,  and  let  c  d  e  be  an 
inclined  plane  cut  in  paper,  the  height  of  which  c  d  is  equal  to 
the  length  of  the  roller.  Let  the  edge  c  d  be  pasted  on  the 
roller,  and  then  let  the  roller  be  turned  so  that  the  paper  shall 
be  wrapped  round  it.  When  it  makes  one  revolution  of  the 
roller,  the  portion  of  the  edge  c  o  will  have  made  one  spiral 
coil  ;  the  next  revolution  will  make  an  equal  spiral  coil,  and  so 
on  imtil  all  the  paper  has  been  rolled  upon  the  roller,  when  the 
edge  of  the  paper  so  coiled  will  show  a  regular  spiral  line  round 
the  roller,  as  represented  in  fi>g.  212.  Taking  c  h  o,  fig.  211, 
as  the  portion  of  the  inclined  plane  thus  rolled  in  every  turn 
round  the  roller,  it  is  evident  that  c  h  is  its  height,  and  h  o  its 
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Fig.  213. 


But  c  H  is  the  distance  between  two  successive  coils  of 
the  spiral,  and  H  a  is  the  circumference  of  the  roller.  The 
coils  of  the  spiral  are  called  the  threads  of  the  screw,  and  the 
distance  c  h  between  the  successive  coils  is  called  the  dista^ice 
between  the  threads. 

In  the  application  of  the  screw,  the  weight  or  resistance  is 
not,  as  in  the  inclined  plane  and  wedge,  placed  upon  the  surface 
of  the  plane  or  thread.  The  power  is  usually  transmitted  by 
causing  the  screw  to  move  in  a  concave  cylinder,  on  the  interior 
surface  of  which  a  spiral  cavity  is  cut,  corres- 
ponding exactly  to  the  thread  of  the  screw,  and 
in  which  the  thread  will  move  by  turning  round 
the  screw  continually  in  the  same  direction. 
This  hollow  cylinder  is  usually  called  the  nut  or 
concave  screw.  The  screw  surrounded  by  its 
spiral  thread  is  represented  in  fig.  213. 

There  are  several  ways  in  which  the  power  is 
transmitted  to  the  resistance  by  means  of  a  screw  ; 
but  by  whatever  means  it  may  be  so  transmitted, 
it  is  evident  that  the  screw  wiQ  move  the  resist^ 
lahce  in  a  single  revolution  through  a  space  equal  to  the 
distance  between  two  contiguous  threads.  The  comparative 
velocities,  therefore,  of  the  i)ower  and  weight  will  always  be 
found  in  this  class  of  simple  machines  by  comparing  the  space 
described  by  the  power,  in  imparting  one  revolution  to  the 
screw,  with  the  distance  between  two  contiga<5us  threads. 

The  most  common  manner  of  urging  the  screw  is  by  a  lever 
attached  to  its  head,  as  represented  in ^.  214,  at  b  r.  Suppos- 
ing the  power  to  be  applied  at 
F,  then  in  producing  one  revo- 
lution of  the  screw,  and  there- 
fore in  moving  the  resistance 
through  a  space  equal  to  the  dis- 
tance between  two  contiguous 
threads,  it  wiQ  make  one  com- 
plete revolution  in  a  circle  whose 
radius  is  the  length  of  the  lever 
on  which  it  acts.  The  velocity, 
therefore,  of  the  power  will  be  to 
the  velocity  of  the  weight  as  the  circumference  of  the  circle 
described  by  the  power  is  to  the  distance  between  two  con- 
tiguous threads  ;  and  consequently,  the  condition  of  equilibrium 
between  the  power  and  weight  will  be  this,  that  the  power  is  to 
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tke  weight  as  the  distance  between  the  contiguous  threads  is 
to  the  circumference  described  by  the  power. 

The  great  mechanical  force  exerted  by  the  screw  will  hence 
be  easily  understood.  There  is  no  limit  to  the  smallness  of  the 
distance  between  the  threads,  except  the  strength  which  is 
necessary  to  be  given  to  them,  and  there  is  no  Hmit  to  the  mag- 
jtiitude  of  the  circumference  to  be  described  by  the  power, 
except  the  necessary  facility  of  moving  in  it.  We  can  conceive 
the  power  acting  by  a  lever,  and  therefore  moving  through  a 
great  circumference  while  the  screw  moves  through  a  compara- 
tively minute  space  ;  and  consequently,  in  such  case,  the  power 
will  be  so  much  less  than  the  resistance,  as  the  distance  between 
the  threads  is  less  than  the  circumference  described  by  the 
power. 

The  manner  of  acting  upon  the  resistance  by  means  of  the 
screw  is  very  various.  Sometimes  the  nut  is  fixed  and  the 
screw  movable ;  sometimes  the  screw  id  fixed  and  the  nut 
movable  ;  sometimes  the  nut,  though  incapable  of  revolving, 
can  be  moved  progressively ;  and  sometimes  the  screw  is  inca- 
pable of  revolving,  but  is  moved  progressively.  These  condi- 
tions admit  of  various  combinjitions  which  are  severally  adopted 
in  practice.  In ^.  214,  th^^ut  a  b  being  supposed  to  be  fixed, 
if  the  lever  r  be  turned,  the  end  d  of  the  screw  will  descend  or 
ascend,  according  to  the  direction  in  which  e  f  is  turned,  and 
will  act  upon  the  resistance  accordingly.  If  the  screw  be  fixed, 
the  nut  may  be  moved  upon  it,  either  by  turning  the  nut  or  the 
screw.  In  either  case  the  nut  will  ascend  or  descend,  according 
to  the  direction  of  the  motion.  In  each  revolution  it  will  move 
through  a  space  equal  to  the  distance  between  two  contiguous 
threads. 

If  we  suppose  the  nut  a  b,  fig.  214,  to  be  incapable  of  as- 
cending  or  descending,  but  to  be  capable  of  revolving,  then,  by" 
turning  it  round,  the  screw  which  plays  in  it  will  ascend  or 
descend  through  a  space  equal  to  the  distance  between  two  con- 
tiguous threads  for  every  revolution  made  by  the  nut. 

On  the  other  hand,  the  apparatus  may  be  so  arranged  that 
the  screw,  though  capable  of  revolving,  is  incapable  of  a  pro- 
gressive motion,  and  the  nut,  though  capable  of  a  progressive 
motion,  is  incapable  of  revolving.  In  this  case,  when  the  screw 
is  made  to  revolve,  the  nut  in  which  it  plays  will  be  moved  up- 
wards or  downwards,  through  a  space  equal  to  the  distance 
between  two  threads,  by  the  revolution  of  the  screw. 

The  screw  is  generally  used  in  cases  where  severe  pressure  is 
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io  be  exercised  through  small  spaces  ;  it  is,  therefore,  the  agent 
in  most  presses. 

In  fi/Q,  215  the  nut  is  fixed,  and  by  turning  the  lever  which 
passes  through  the  head  of  the  screw  a  pressure  is  exercised 
upon  any  substance  placed  upon  the  plate  immediately  under 
the  end  of  the  screw.  In^.  216  the  screw  is  incapable  of  re* 
Yolving,  but  is  capable  of  advancing  in  the  direction  of  its 


i-^^ 


^^ 


Fig.  215. 


Fig.  316. 


length.  On  the  other  hand,  the  nut  is  capable  of  revolving,  but 
does  not  advance  in  the  direction  of  the  screw.  When  the  nut 
is  turned  by  means  of  the  lever  inserted  in  it,  the  screw  ad* 
vances  in  the  direction  of  its  length,  and  urges  the  board  which 
is  attached  to  it  upwards,  so  as  to  press  any  substance  placed 
between  it  and  the  fixed  board  above. 

234.  Bzamples. — In  cases  where  liquids  or  juices  are  to  be 
expressed  from  solid  bodies,  the  screw  is  the  agent  generally 
employed.  It  is  also  used  in  coining,  where  the  impression  of 
a  die  is  to  be  made  upon  a  piece  of  metal,  and  in  the  same  way 
in  producing  the  impressicm  of  a  seal  upon  wax  or  other  sub- 
stance adapted  to  receive  it.  When  soft  and  light  materials, 
such  as  cotton,  are  to  be  reduced  to  a  convenient  bulk  for  trans- 
portation, the  screw  is  used  to  compress  them,  and  they  are  thus 
reduced  into  hard  dense  masses.  In  printing,  the  paper  is  some- 
times urged  by  a  severe  and  sudden  pressure  upon  the  types  by 
means  of  a  screw. 

A  screw  may  be  cut  upon  a  cylinder  by  placing  the  cylinder 
in  a  turning-lathe,  and  giving  it  a  rotatory  motion  upon  its  axis. 
The  cutting  point  is  then  presented  to  the  cylinder  and  moved 
in  the  direction  of  its  length  at  such  a  rate  as  to  be  carried 
through  the  distance  between  the  intended  threads  while  the 
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cylinder  revolves  once.  The  relative  motions  of  the  cutting 
point  and  the  cylinder  being  preserved  with  perfect  uniformity, 
the  thread  will  be  cut  from  one  end  to  the  other.  The  shape  of 
the  threads  may  be  either  square,  as  in  fig.  213,  or  triangular, 
as  in  fi^,  218. 

If  the  lever  by  which  the  power  acts  on  the  screw  were 
capable  of  indefinite  increase,  or  the  thread  of  indefinite  fine- 
ness, there  would  be  no  limit  to  the  mechanical  effect  of  the 
instrument;  but  to  both  of  them  there  are  practical  limits. 
The  lever  cannot  be  increased  so  as  to  render  the  operation  of 
the  power  unwieldy  and  impracticable,  and  the  thread  cannot 
be  diminished  beyond  that  limit  which  will  give  it  sufficient 
strength ;  and  the  cases  in  which  the  greatest  mechanical  efficacy 
is  needed,  are  precisely  those  in  which  the  thread  requires  to  be 
strongest. 

235.  Banter's  Bcrew.-~To  obtain  an  indefinite  augmenta- 
tion of  the  power  of  the  screw,  without  diminishing  the  strength 
of  the  thread,  Mr.  Hunter  proposed 
an  arrangement  which  is  known  by 
his  name,  as  Hunter's  screw.  This 
(represented  in  fi^.  217)  consists  in 
the  use  of  two  screws,  the  threads  of 
which  may  have  any  strength  and 
magnitude,  but  which  have  a  very 
small  difference  of  breadth. 

While  the  working  point  is  urged 
forward  by  that  which  has  the  greater 
thread,  it  is  drawn  back  by  that  which 
has  the  less  ;  so  that  during  each  revo- 
lution, the  screw,  instead  of  being  ad- 
vanced through  a  space  equal  to  the 
magnitude  of  either  of  the  threads, 
moves  through  a  space  equal  to  their  difference.  The  me- 
chanical power  of  such  a  machine  wiU  be  the  same  as  that  of 
a  single  screw  having  a  thread  whose  magnitude  is  equal  to 
the  difference  of  the  magnitudes  of  the  two  threads  just  men- 
tioned. 

Thus,  without  inconveniently  increasing  the  sweep  of  the 
power  on  the  one  hand,  or  on  the  other  diminishing  the  thread 
until  the  necessary  strength  is  lost,  the  machine  will  acquire  an 
efficacy  limited  by  nothing  but  the  smallness  of  the  difference 
between  the  two  threads. 

236.  Micrometer  screw.— The  slow  motion  which  may  be 
imparted  to  the  end  of  a  fine  screw  by  a  considerable  motion  of 
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the  power,  renders  it  an  instrument  peculiarly  well  adapted,  to 
the  measurement  of  very  minute  motions  and  spaces,  the  mag- 
nitude of   which  could  scarcely  be  ascertained  by  any  other 
means.     To  explain  the  manner  in  which  it  is  applied  :  suppose 
a  screw  to  be  so  cut  as  to  have  fifty  threads  in  an  inch,  each 
revolution  of   the  screw   will  advance  its  point   through  the 
fiftieth  part  of  an  inch.     Now,  suppose  the  head  of  the  screw 
to  be  a  circle   whose   diameter  is  an 
inch,  the   circumference  of    the    head 
will   be    something    more    than    three 
inches  :  this  may  be  easily  divided  into 
a  hundred  equal  parts,  distinctly  visi- 
ble.    If  a  fixed  index  be  presented  to 
this  graduated  circumference,  the  hun- 
dredth part  of  a  revolution  of  the  screw 
may  be  observed  by  noting  the  passage 
of  one  division  of  the  head  under  the 
index.     Since  one  entire  revolution  of 
the  head  moves  the  point  through  the 
fiftieth  of    an  inch,   one   division  will 
correspond  to  the  fiye- thousandth  of  an 
inch.     In  order  to  observe  the  motion 
of  the  point  of  the  screw  in  this  case, 
a  fine  wire  is  attached  to  it,  which  is 
carried    across  the  field  of   view  of   a 
powerful  microscope,  by  which  the  mo- 
tion is  so  magnified  as  to  be  distinctly 
perceptible. 

237.  Sndless  screw. — When  the 
thread  of  a  screw  acts  in  the  teeth  of 
a  wheel,  the  screw  being  fixed  so  that  it  can  revolve  without 
advancing,  it  is  called  an  endless  screw.  It  has  the  effect  of 
giving  motion  to  the  wheel  in  the  same  manner  as  does  a  pinion, 
one  tooth  of  the  wheel  being  driven  forward  by  each  revolution 
of  the  screw.  Such  an  arrangement  is  applied,  .for  example, 
to  tighten  the  strings  of  double  basses,  fig.  218. 
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CHAPTER  XV. 


THE   PENDULUM,    THE   BALANCE   WHEEL,    AND    THE    FLY   WHEEL. 


Op  the  class  of  mechanical  contrivances  whose  purpose  is  to 
render  motion  uniform,  the  principal  are  the  pendulum,  the 
balance  wheel,  and  the  fly. 

238.  Simple  pendulum. — The  pendulum  consists  of  a  heavy 
mass  attached  to  a  rod,  the  upper  extremity  of  which  rests  upon 
a  point  of  support  in  such  a  manner  as  to  have  as  little  friction 
as  possible.  Such  an  instrument  will  remain  at  rest  when  its 
centre  of  gravity  is  in  the  vertical  line  immediately  under  the 
point  of  suspension  or  support.  But  if  the  centre  of  gravity 
be  drawn  from  this  position  on  either  side,  and  then  dis- 
engaged, the  instrument  will  swing  from  the  one  side  to  the 
other  of  the  position  in  which  it  would  remain  at  rest,  the 
centre  of  gravity  describing  alternately  a  circular  arc  on  the  one 
side  or  the  other  of  its  position  of  rest.  If  there  were  neither 
friction  nor  atmospheric  resistance,  this  motion  of  vibration  or 
oscillation  on  either  side  of  the  position  of  equilibrium  would 
continue  for  ever  ;  but,  in  consequence  of  the  combined  effects 
of  these  resistances,  the  distances  to  which  the  pendulum 
swings  on  the  one  side  and  on  the 
other  are  continually  diminished, 
until,  after  the  lapse  of  an  interval 
more  or  less  protracted,  it  comes  to 
rest. 

Suppose  a  small  ball  of  lead  sus- 
pended by  a  line  silken  string,  the 
length  of  which  is  incomparably 
greater  than  the  diameter  of  the 
leaden  ball.  Such  an  arrangement  is 
called  the  simple  pendulnm. 

Let  s,  fig.  219,  be  the  point  of 
suspension  ;  let  s  b  be  the  line  silken 
thread  by  which  the  ball  b  is  sus- 
pended, and  the  weight  of  which,  in  the  present  case,  is  neg- 
lected. Let  B  be  the  position  of  the  ball  when  in  the  vertical 
under  the  point  of  suspension  s.  In  that  position  the  ball 
would  remain  at  rest ;  but  if  we  suppose  the  ball  drawn  aside 
to  the  position  a,  it  will,  if  disengaged,  fall  down  the  arc  a  b, 
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of  which  the  centre  is  s,  and  the  radius  the  length  of  the 
string.  Arriving  at  B,  it  will  have  Acquired  a  certain  velocity, 
which,  in  virtue  of  its  inertia,  it  will  have  a  tendency  to  retain, 
and  with  this  velocity  it  will  commence  to  move  through  the 
arc  B  a'.  Supposing  neither  the  resistance  of  the  atmosphere 
nor  friction  to  act,  the  ball  will  rise  through  an  arc  b  a'  equal  to 
B  A  ;  but  it  will  lose  the  velocity  which  it  had  acquired  at  b, 
for  it  is  evident  that  it  will  take  the  same  space  and  the  same 
time  to  destroy  the  velocity  which  has  been  acquired,  as  to  pro- 
duce it.  Thus,  the  velocity  at  b,  being  acquired  in  falling 
through  the  arc  A  b,  will  be  destroyed  in  rising  through  the 
equal  arc  b  a'. 

Having  arrived  at  a',  the  ball,  being  brought  to  rest,  will 
again  fall  from  a'  to  b,  and  at  b  will  have  again  acquired  the 
same  velocity  which  it  had  obtained  in  falling  from  A  to  B,  but 
in  the  contrary  direction  ;  and  in  the  same  manner  it  may  be 
explained  that  this  velocity  will  carry  it  from  b  to  A.  Having 
arrived  at  a,  the  ball,  being  again  brought  to  rest,  will  fall  once 
more  from  a  to  b,  and  so  the  motion  will  be  continued  alter- 
nately between  a  and  a'. 

The  motion  of  the  pendulum  from  A  to  a',  or  from  a'  to  a, 
is  called  an  oscillation,  and  its  motion  between  either  of  those 
points  and  b  is  called  a  semi-oscillation,  the  motion  from  b  to  a 
or  from  b  to  a'  being  called  the  ascending  semi-oscillation,  and 
the  motion  from  a  or  a'  to  b,  the  descending  semi-oscillation. 

The  time  which  elapses  during  the  motion  of  the  ball  be- 
tween A  and  a'  is  called  the  time  of  one  oscillation. 

It  is  evident,  from  what  has  been  stated,  that  the  time  of 
moving  from  either  of  the  extremities  a  a'  of  the  arc  of  oscilla- 
tion to  the  point  b,  is  haK  the  time  of  an  oscillation.  If, 
instead  of  falling  from  the  point  a,  the  ball  had  fallen  from  the 
point  c,  intermediate  between  a  and  b,  it  would  have  then  oscil- 
lated between  c  and  c',  two  points  equally  distant  from  b  ;  and 
the  arc  of  oscillation  would  have  been  c  &,  more  limited  than 
A  a'.  But  in  commencing  its  motion  from  c,  the  declivity  of 
the  arc  down  which  it  falls  towards  b  would  be  evidently  less 
than  the  declivity  at  a  ;  consequently,  the  force  which  would 
accelerate  it,  commencing  its  motion  at  c,  would  be  less  than 
that  which  would  accelerate  it,  commencing  its  motion  at  a. 
The  ball,  therefore,  commencing  its  motion  at  a,  would  be 
more  rapidly  accelerated  than  when  it  commences  its  motion 
at  c. 

The  result  of  this  is,  that,  although  the  arc  A  b  may  be  twice 
as  long  as  the  arc  c  b,  the  time  which  the  ball  takes  to  fall  from 
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A  to  B  will  not  be  sensibly  different  from  the  time  it  takes  to 
fall  from  c  to  b,  provided  that  the  arc  of  oscillation  a  b  a'  is  not 
considerable. 

It  was  at  first  supposed,  as  we  have  just  stated,  that,  whether 
the  oscillations  were  longer  or  shorter,  the  times  would  be  abso- 
hitely  the  same.  Accurately  speaking,  however,  this  is  not  the 
3ase ;  but  if  the  total  extent  of  the  oscillation  a  a'  do  not  exceed 
5°  or  6°,  the  time  of  oscillation  in  it  may  be  considered,  practi- 
cally, the  same  as  in  the  lesser  arcs. 

This  important  principle  may  be  easily  experimentally  veri- 
fied. Let  two  small  leaden  balls  be  suspended  from  the  same 
point  of  support,  but  one  being  in  advance  of  the  other,  so  that 
in  oscillating  the  two  balls  shall  not  strike  each  other.  This 
being  done,  let  one  of  the  balls  be  drawn  from  its  point  of  rest 
through  an  angle  less  than  3°,  and  let  it  be  disengaged.  It  will 
oscillate  as  described  above.  Let  the  other  ball  be  now  drawn 
from  its  point  of  rest  through  a  much  less  angle,  and  let  it  be 
so  disengaged  that  it  shall  commence  its  oscillation  at  the  same 
moment  with  the  commencement  of  one  of  the  oscillations  of 
the  other  ball. 

Let  it,  in  short,  be  so  managed,  that  when  the  one  ball  is  at 
A,  the  other  shall  be  at  c  ;  and  that  both  shall  commence  their 
descending  motion  towards  b  at  the  same  moment.  It  will  be 
then  found  that  their  oscillations  will  be  synchrcmous  for  a 
considerable  length  of  time,  that  is  to  say,  the  balls  will  arrive 
at  a'  and  (/,  respectively,  at  the  same  instant  ;  and  returning, 
will  simultaneously  arrive  at  a  and  c  respectively. 

If,  in  this  case,  the  oscillation  of  the  ball  a  were  made 
through  an  arc,  even  as  great  as  10°,  that  is  to  say,  5°  on  each 
side  of  the  vertical,  the  oscillation  of  the  ball  i;  being  made 
through  an  arc  of  2°,  it  would  be  found  that  loooi  oscillations 
of  the  latter  would  be  e<iual  to  loooo  oscillations  of  the  former, 
so  that  the  actual  difference  between  their  times  of  oscillation 
would  not  exceed  the  ten  thousandth  part  of  such  time. 

It  might  be  expected  that  the  time  of  oscillation  of  different 
pendulums  would  depend,  more  or  less,  upon  the  weight  of  the 
matter  composing  them,  and  that  a  heavy  body  would  oscillate 
more  rapidly  than  a  lighter  one.  Both  theory  and  experience, 
however,  prove  the  result  to  ])e  otherwise.  The  force  of  gravity 
which  causes  the  pendulum  to  oscillate  acts  separately  on  all  the 
particles  composing  its  mass  ;  and  if  the  mass  be  doubled,  the 
effect  of  this  force  upon  it  is  also  doubled  ;  and,  in  short,  in 
whatever  proportion  the  mass  of  the  pendulum  be  increased  or 
diminished,  the  action  of  the  force  of  gravity  upon  it  will  be 
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increased  or  diminished  in  exactly  the  same  proportion,  and 
consequently  the  velocity  imparted  by  gravity  to  the  pendulous 
mass  at  each  instant  will  be  the  same. 

It  is  easy  to  verify  this  by  experiment.  Let  different  balls 
of  small  magnitude,  of  metal,  ivory,  and  other  materials,  be 
suspended  by  light  silken  strings  of  the  same  length,  and  made 
to  oscillate  :  their  oscillations  will  be  found  to  be  equal. 

If  pendulums  of  different  lengths  have  similar  arcs  of  oscil- 
lation, the  times  of  oscillation  of  those  which  are  shorter  will  be 
less  than  the  times  of  oscillation  of  those  which  are  longer. 
Let  a,  b,  c,  d,  and  e  (fig.  220)  be  five  small  leaden  balls,  sus- 
pended by  light  silken  strings  to  the  point  of  suspension  s,  and 


Fig.  32a 

let  all  of  those  be  supposed  to  form  pendulums,  having  the  same 
angle  of  oscillation.  The  arc  of  oscillation  of  the  ball  a  will  be 
a  a"'',  and  that  of  h  will  be  h  6"'',  that  of  c,  c  c'*"',  and  so  on. 
In  commencing  to  fall  from  the  points  a,  h,  c,  d,  e,  towards  the 
vertical  line,  these  five  balls  are  accelerated  equally,  inasmuch 
as  the  circular  arcs  down  which  they  fall  are  all  equally  inclined 
at  this  point  to  the  vertical  line.  The  same  will  be  true  if  we 
take  t%em  at  any  corresponding  points,  such  as  a%  h%  c',  e\  It 
may,  therefore,  be  concluded  that  throughout  the  entire  range 
of  oscillation  of  each  of  these  five  pendulums,  they  will  be  im- 
pelled by  equal  accelerating  forces.  ^ 

Now  it  has  been  shown  that  when  bodies  are  impelled  by 
the  same  or  equal  accelerating  forces,  the  spaces  through  which 
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they  move  are  proportional  to  the  squares  of  the  times  of  their 
motion  ;  therefore  it  follows  that  the  lengths  of  these  arcs  of 
oscillation  are  proportional  to  the  squares  of  the  times.  But 
the  lengths  of  these  arcs  are  evidently  in 
the  same  proportion  as  the  lengths  of  the 
pendulums ;  that  is  to  say,  the  arc  a  a"" 
is  to  6  V"  as  s  a  is  to  s  6,  and  the  arc 
h  6""  is  to  c  c''''  as  s  6  is  to  s  c,  and  so  on. 

It  follows,  therefore,  that  the  squares  of 
the  times  of  oscillation  of  pendulums  are 
as  their  lengths,  or,  what  is  the  same,  the 
times  of  oscillation  are  as  the  square  roots 
of  their  lengths.  This  principle  ia  easily 
verified  experimentally. 

239.  Sxperimental  lUtistratloii. — Let 
three  small  leaden  balls  be  suspended  ver- 
tically under  each  other  by  means  of  loops 
of  silken  threads,  as  represented  in^.  221, 
and  in  such  a  manner  that  they  can  all  oscillate  in  the  same 
plane  at  right  angles  to  the  plane  of  the  diagram,  the  sus- 
pending loops  not  interfering  with  each  other. 

Let  the  loops  be  so  adjusted  that  the  distance  of  the  ball  i 
below  the  line  m  n  shall  be  i  foot,  the  distance  of  the  ball  4,  4 
feet,  and  the  distance  of  the  ball  9,  9  feet. 

Let  the  ball  9  be  put  in  a  state  of  oscillation  through  small 
arcs,  and  let  the  ball  4  be  then  drawn  from  its  vertical  position, 
and  disengaged  so  as  to  commence  one  of  its  oscillations  with 
an  oscillation  of  the  ball  9  ;  and  in  the  same  manner  let  the 
ball  I  be  started  simultaneously  with  one  of  the  oscillations  of 
the  ball  9. 

It  will  be  found  that  two  oscillations  of  the  one-foot  pendu- 
lum are  made  in  exactly  the  same  time  as  a  single  oscillation  of 
the  four-foot  pendulum  ;  consequently,  the  time  of  each  oscilla- 
tion of  the  latter  will  be  double  that  of  the  former,  while  its 
length  is  fourfold  that  of  the  former. 

In  the  same  manner,  while  the  one-foot  pendulum  makes 
three  oscillations,  the  nine-foot  pendulum  will  make  one,  and, 
consequently,  the  time  of  oscillation  of  the  latter  will  be  three 
times  that  of  the  former,  while  its  length  is  nine  times  that  of 
the  former. 

By  this  principle,  the  length  of  a  pendulum  which  would 
oscillate  in  any  proposed  time,  or  the  time  of  oscillation  of  a 
pendulum  of  any  proposed  length,  can  be  ascertained,  provided 
we  know  the  length  of  a  pendulum  which  oscillates  in  any  given 
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time.  Thus,  suppose  l  to  be  the  length  of  a  pendulum  which 
oscillates  in  the  time  t.  Let  it  be  required  to  determine  the 
length  of  a  pendulum  l',  which  would  oscillate  in  any  other 
time  t'.     Wo  shall  have  the  following  proportion  : 

l:  l^::t«  :  t'^ 

From  this  proportion,  if  l  and  T  be  both  given,  we  can  find 
the  time  t'  of  oscillation  of  the  other  pendulum  if  l'  be  given  ; 
or  we  can  find  the  length  l'  if  t'  be  given. 

In  the  first  case  we  have 

l' 


in  the  second  we  have 


L 


Since  the  force  which  produces  the  oscillation  of  a  pendulum 
is  the  accelerating  force  of  gravity  urging  the  pendulous  body 
alternately  from  the  extremities  of  the  arc  of  oscillation  to  the 
middle  point  of  that  arc,  it  is  evident  that  if  this  force  were 
increased  in  its  intensity,  the  velocity  with  which  the  pendu- 
lous body  would  be  precipitated  to  its  lowest  position  would  be 
increased,  and  consequently  the  time  of  oscillation  diminished  ; 
and  if,  on  the  other  hand,  the  impelling  force  of  gravity  were 
diminished,  the  force  urging  the  pendulous  body  being  enfeebled, 
it  would  be  moved  with  a  diminished  velocity,  and  consequently 
the  time  of  oscillation  would  be  increased.  It  follows,  there- 
fore, that  the  same  pendulum  will  oscillate  more  slowly  or  more 
rapidly,  according  as  the  force  of  gravity  which  acts  upon  it  is 
diminished  or  increased. 

But  it  is  not  enough  te  state  that  a  variation  in  the  force  of 
gravity  will  change  the  time  of  oscillation  of  the  pendulum.  It 
is  required  to  ascertain  in  what  proportion  it  will  produce  this 
change  ;  that  is  to  say,  if  the  force  of  gravity  acting  on  the 
pendulum  be  augmented  in  any  given  ratio,  in  what,  corre- 
sponding ratio  will  the  time  of  oscillation  of  such  pendulum  be 
diminished.  It  is  proved  in  the  theory  of  accelerating  forces 
that,  under  such  circumstances,  the  squares  of  the  times  of  oscil- 
lation will  vary  in  the  inverse  proportion  of  the  force  ;  that  is 
to  say,  in  whatever  ratio  the  force  of  gravity  be  augmented,  the 
squares  of  the  times  of  oscillation  of  the  pendulums  will  be 
diminished. 

240.  Pendulum  indicates  variation  of  gravity  in  differ- 
ent latitudes. — But  as  the  squares  of  the  times  of  oscillation 
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are  proportional  to  the  lengths  of  the  pendulums,  it  follows 
from  this  that  the  lengths  of  the  pendulums  which  oscillate  in 
the  same  time  under  the  influence  of  different  accelerating 
forces  will  be  proportional  to  these  forces  ;  and  that,  conse- 
quently, if  in  any  two  places  it  be  found  that  the  pendulums 
which  oscillate  in  the  same  time  have  different  lengths,  it  must 
be  inferred  that  the  forces  of  gravity  in  these  two  places  are  in 
the  exact  proportion  of  these  lengths. 

It  is  in  virtue  of  this  principle  that  the  pendulum  supplies 
means  of  determining  the  variation  of  the  forces  of  gravity 
upon  different  parts  of  the  earth's  surface. 

241.  Compound  pendulum. — We  have  hitherto  supposed 
that  the  pendulous  body  is  a  heavy  mass  of  indefinitely  small 
magnitude,  suspended  by  a  wire  or  string  having  no  weight. 
These  are  conditions  which  cannot  be  fulfilled  in  practice. 
Every  real  pendulous  body  has  a  definite  magnitude,  its  com- 
ponent parts  being  at  different  distances  from  the  point  of  sus- 
pension ;  the  rod  which  sustains  it  has  considerable  weight,  and 
all  the  points  of  this  rod,  as  well  as  those  of  the  pendulous  mass 
itself,  are  at  different  distances  from  the  point  of  suspension. 
In  estimating,  therefore,  the  effect  of  pendulums,  it  is  necessary 
to  take  into  account  this  circumstance. 

Let  us  suppose  a,  b,  c,  d,  e,  /,  g  (fig.  222)  to  be  as  many 
small  heavy  balls  connected  by  independent  strings,  the  weight 
of  which  may  be  neglected,  with  a  point  of  suspension  s,  and 
,let  these  seven  balls  be  supposed  to  vibrate  between  the  posi- 
tions s  M  and  s  m'.  Now,  if  these  balls  were  totally  indepen- 
dent of  each  other,  and  connected  with  the  point  of  suspension 
by  independent  strings,  they  would  all  vibrate  in  different  times, 
those  which  are  nearer  the  point  s  vibrating  more  rapidly  than 
those  which  are  more  distant  from  it  If,  therefore,  they  be  all 
disengaged  at  the  same  moment  from  the  line  s  m,  those  which 
are  nearest  to  s  will  get  the  start  of  those  which  are  more  dis- 
tant, and  at  any  intermediate  position  between  the  extremes  of 
their  vibration  they  will  assume  the  positions  a',  5',  c',  d^,  e\ 
/ ,  g\  That  which  is  nearest  to  the  point  s,  and  which  is  the 
shortest  pendulum,  will  be  foremost,  since  it  has  the  most  rapid 
vibration.  The  next  in  length,  6,  will  follow  it,  and  so  on  ;  the 
most  remote  from  s,  being  the  longest  pendulum,  will  be  the 
last  in  order. 

Now  if,  instead  of  supposing  these  seven  balls  to  be  sus- 
pended by  independent  strings,  we  imagine  them  to  be  fixed 
upon  the  same  wire,  so  as  to  be  rendered  incapable  of  having 
any  independent  motion,  and  compelled  to  keep  in  the  same 
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straight  line,  then  it  is  evident  that  while  the  whole  series 
vibrates  with  a  common  motion,  those  which  are  nearest  to  the 
point  of  suspension  will  have  a  tendency  to  accelerate  the 
motion  of  those  which  are  more  distant,  while  those  which  are 
more  distant  will  have  a  tendency  to  retard  the  motion  of  those 
which  are  nearer. 


Fig.  322. 

These  effects  wUl  produce  a  mutual  compensation ;  b  and  c 
will  vibrate  slower  than  they  would  if  they  were  moving  freely, 
while  e  and  /  will  evidently  move  more  rapidly  than  if  they 
were  moving  freely.  Among  the  series  there  will  be  found  a 
certain  point  which  will  separate  those  which  are  moving 
slower  than  their  natural  rate  from  those  which  are  moving 
faster  than  their  natural  ra,te  ;  and  a  ball  placed  at  this  point 
would  vibrate  exactly  as  it  would  do  if  no  other  balls  were 
placed  either  above  or  below  it.  Such  a  ball  would,  as  it  were, 
be  the  centre  which  would  divide  those  which  are  accelerated 
from  those  which  are  retarded. 
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242.  Centre  of  osdllatioii. — Such  a  point  has  been  deno- 
minated the  centre  of  oscillation.  It  is  evident  that  a  pendulous 
mass,  of  magnitude  more  or  less  considerable,  will  vibrate  in 
the  same  time  as  it  would  do  if  the  entire  mass  were  concen- 
trated at  its  centre  of  oscillation,  and  formed  there  a  material 
point  of  insensible  magnitude.  By  the  length  of  a  pendulum, 
no  matter  what  be  its  form,  is  always  to  be  understood  the 
distance  of  its  centre  of  oscillation  from  its  point  of  suspen- 
sion. 

The  centre  of  oscillation  has  the  following  remarkable  and 
important  quality,  which  is  established  in  higher  mathe- 
matics, and  verified  by  experiment: — If  a  pendulum  be  inverted 
and  suspended  by  its  centre  of  oscillation,  its  former  point  of 
suspension  will  become  its  new  centre  of  oscillation,  and  the 
time  of  vibration  will  remain  the  same  as  before.  This  pro- 
perty is  usually  expressed  by  stating  that  the  *  centres  of  sus- 
pension and  oscillation  are  convertible.' 

This  property  can  be  verified  by  experiment.  If  the  centime 
of  oscillation  of  any  pendulous  body,  ascertained  by  mathema- 
tical calculation,  be  takeii  as  a  point  of  suspension,  it  will  be 
found  that  the  time  of  oscillation  of  the  pendulum  will  be  the 
same  as  it  was  with  the  first  point  of  suspension.  Since  the 
length  of  a  pendulum  and,  therefore,  the  time  of  oscillation  in 
a  given  place  and  subject  to  a  given  intensity  of  the  force  of 
gravity,  depends  upon  the  distance  between  its  point  of  suspen- 
sion and  its  centre  of  oscillation,  it  is  evident  that  any  variation 
which  may  take  place  in  this  distance  will  cause  a  correspond- 
ing change  in  the  time  of  oscillation  ;  and  if  the  pendulum  be 
applied  to  an  instrument  for  measuring  time,  it  will  cause  a 
variation  in  the  rate  of  that  instrument,  and  a  correspond- 
ing error  in  its  indications. 

Now,  it  is. found  in  practice  that  all  pendulums  are  subject 
to  a  change,  more  or  less,  in  their  form  and  magnitude,  in  con- 
sequence of  the  change  of  temperature  of  the  atmosphere  to 
which  they  are  exposed.  With  this  change  they  expand  and 
contract,  and  with  every  expansion  and  contraction  the  distance 
between  their  centres  of  oscillation  and  suspension  will  be 
varied,  unless  expedients  be  adopted  to  counteract  such  an 
effect.  Although  the  variations  produced  by  these  causes  are 
not  sufficiently  great  to  render  it  necessary  to  provide  a  correc- 
tion for  them  in  common  timepieces,  yet,  in  cases  where  ex- 
treme accuracy  is  required,  expedients  have  been  adopted  to 
prevent  the  consequent  error. 

These  expedients  are  called  compensation  pendulums. 
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The  principle  upon  which  all  these  depend  is  the  combina- 
tion of  two  substances  in  the  structure  of  the  pendulum,  which 
expand  in  unequal  degrees  for  the  same  change  of  temperature ; 
and  they  are  so  arranged  that  while  the  expansion  of  the  one 
increases  the  distance  of  the  centre  of  oscillation  from  the  point 
of  suspension,  the  expansion  of  the  other  has  a  contrary  effect, 
and  the  dimensions  of  these  two  substances  are  so  adjusted  that 
the  increase  of  distance  produced  by  the  one  shall  be  exactly 
equal  to  the  diminution  of  distance  produced  by  the  other  ;  so 
That  the  result  is  that  the  centre  of  oscillation  remains  at  the 
same  distance  from  the  point  of  suspension,'  and  therefore  the 
time  of  oscillation  of  the  pendulum  remains  unaltered. 

The  first,  the  most  important,  and  the  most  universal  use  of 
the  pendulum,  is  as  a  measure  of  time.  The  uniformity  of  the 
rate  of  its  vibration  is  the  property  which  renders  it  so  eminently 
qualified  for  this  purpose.  A  pendulum  vibrating  alone,  inde- 
pendently of  any  mechanism,  would  measure  the  time  which 
elapses  during  its  motion.  It  would  be  only  necessary  for  an 
observer  to  sit  by  it  and  count  the  number  of  its  oscillations. 
If  the  time  of  one  oscillation  were  previously  known,  then  the 
number  of  oscillations  performed  in  any  interval  would  at  once 
give  the  length  of  such  interval.  But,  in  order  to  supersede 
the  necessity  for  attention  and  vigilance  on  the  part  of  such  an 
observer,  a  train  of  wheel- work  is  placed  in  connection  with  the 
pendulum,  the  movement  of  which  it  regulates  ;  and  in  connec- 
tion with  this  train  of  wheel- work  are  fixed  the  dial-plate  and 
the  hands  of  the  clock,  by  which  the  number  of  oscillations  of 
the  pendulum  which  take  place  in  a  day,  or  in  any  part  of  a  day, 
are  indicated  and  registered. 

When  the  same  pendulum  is  transported  to  different  parts 
of  the  earth's  surface,  it  is  found  that  the  rate  of  its  vibration 
varies,  and  this  variation  is  proved  to  take  place  even  after  pre- 
cautions have  been  taken  to  keep  the  centres  of  oscillation  and 
suspension  at  the  same  distance  from  each  other.  Now  this 
change  in  the  rate  of  vibration  under  such  circumstances  can 
only  be  explained  by  a  change  in  the  intensity  of  the  force  of 
gravity  by  which  the  pendulum  is  moved.  It  is  found  that 
when  the  pendulum  is  carried  towards  the  terrestrial  equator, 
the  time  of  its  vibrations  is  longer  ;  and  that  when  it  is  carried 
towards  the  .pole,  the  time  of  its  vibrations  is  shorter  :  the  in- 
ference deduced  from  which  is,  that  the  force  of  gravity  dimi- 
nishes as  we  approach  the  equator,  and  increases  as  we  approach 
the  pole. 

If  the  earth  had  the  form  of  an  exact  sphere,  did  not  revolve 
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on  its  axis,  and  was  of  nniform  density,  the  force  of  grarity  of 
all  parts  of  its  surface  would  be  the  same,  and  no  such  variation 
in  the  rate  of  a  pendulum  could  take  place  when  transported 
from  one  point  of  the  surface  of  the  earth  to  another.  But  if 
the  earth  be  an  exact  sphere,  revolving  upon  its  polar  axis  in 
23  h.  56  min. ,  then  the  efiect  of  such  motion  of  rotation  would 
be  to  produce  a  certain  small  diminution  of  the  intensity  of  the 
force  of  ^[ravity  in  approaching  the  equator,  and  an  increase  in 
such  intensity  in  approaching  the  pole.  The  amount  of  such 
diminution  or  increase  produced  by  such  rotation  is  capable  of 
calculation,  and,  being  computed  and  compared  with  such 
change  of  intensity  of  the  force  of  gravity  indicated  by  the 
variations  of  a  pendulum,  is  found  not  to  correspond  exactly 
with  it.  This  absence  of  complete  correspondence  indicates 
another  cause  affecting  the  force  of  gravity  besides  the  rotation 
of  the  earth. 

If  the  earth  be  not  an  exact  sphere,  but  have  a  form  of 
which  a  turnip  and  an  orange  are  exaggerated  rex3resentations, 
called  in  geometry  an  oblate  spheroid,  such  a  form,  combined 
with  the  rotation  of  the  earth,  would  produce  a  further  effect  in 
varying  the  force  of  gravity  in  proceeding  towards  the  equator 
or  towards  the  pole.  Now  it  is  found,  by  calculation,  that  a 
certain  degree  of  this  form,  combined  with  the  diurnal  rotation . 
of  the  earth,  would  produce  exactly  that  variation  in  the  force 
of  gravity  going  towards  the  equator  and  going  towards  the  pole 
which  is  indicated  by  the  variation  in  the  time  of  vibration  of 
the  same  x>endulum. 

Hence  it  appears  that  the  pendulum  becomes  an  instrument 
by  which  not  only  the  doctrine  of  the  diurnal  rotation  of  the  earth 
is  verified  and  corroborated,  but  by  which  the  departure  of  the 
figure  of  the  earth  from  an  exact  globular  form  is  also  established. 
From  what  has  been  stated,  it  will  appear  that  the  length  of  a 
pendulum  which  vibrates  seconds  in  different  parts  of  the  earth 
will  be  different ;  the  force  of  gravity  in  lower  latitudes  being 
less  than  in  higher,  the  length  of  the  pendulum  which  vibrates 
seconds  will  be  proportionally  less. 

243.  Pendolum  measares  tbe  velocity  of  falling  bodies. 
— As  the  pendulum  thus  supplies  a  measure  of  the  intensity  of 
the  force  of  gravity,  it  necessarily  also  affords  the  means  of 
calculating  the  height  from  which  a  body  falling  freely  would 
descend  in  a  second  if  it  moved  in  vacuo.  The  method  of 
determining  this  by  the  pendulum  is  susceptible  of  much  greater 
accuracy  than  that  which  has  been  already  indicated  by  Atwood's 
machine.  To  find  the  space  through  which  a  body  will  fall  at  any 
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place  in  a  second  of  time,  let  the  length  of  a  pendulum  which 
vibrates  seconds  in  that  place,  expressed  in  inches,  be  multiplied 
by  4*9348,  and  the  product  will  express  in  inches  the  height 
through  which  a  body  would  fall  in  a  second  in  that  place,  in- 
dependently of  the  resistance  of  the  air. 

244.  Propeit  J-  of  a  Bwliiir- — It  is  well  known  to  all  persons 
who  have  amused  themselves  with  exercising  in  this  species  of 
pendulum,  that  by  humouring  the  motion  by  certain  changes  of 
attitude,  the  oscillation  to  and  fro,  which,  if  they  remain  sta- 
tionary, would  be  gradually  diminished  and  would  ultimately 
cease,  by  reason  of  the  resistance  of  the  air  and  friction,  can  be 
not  only  sustained,  but  increased  in  its  range.  This  is  explicable 
by  the  well  established  principles  which  govern  the  motion  of 
pendulous  bodies. 

Let  A  (Jig.  223)  be  a  small  weight  suspended  upon  a  fine 
thread  from  the  centre  b,  and  let  it  be  supposed  to  fall  from  the 

position  A  to  the  vertical  line 
B  c  ;  when  it  arrives  at  c,  it  will 
have  exactly  the  same  velocity 
in  the  horizontal  direction  as  a 
body  would  have  after  having 
fallen  vertically  from  f  to  c. 
Now  let  us  suppose  that  at  the 
moment  of  arriving  at  o,  the 
body  A  is  suddenly  raised  to 
some  point  such  as  d,  nearer 
to  B,  retaining  nevertheless  the 
Pig.  223.  horizontal    velocity    it   had   ac- 

quired. With  this  velocity  it 
will  begin  to  move  up  the  arc  d  n,  and  it  will  continue  to  rise 
in  that  arc,  until  it  arrives  at  a  point  H,  whose  height  d  k, 
above  d,  is  equal  to  c  f. 

Now  it  is  evident  that,  in  this  case,  the  angle  H  b  d,  through 
which  it  will  swing  from  the  vertical  b  d,  will  be  much  greater 
than  the  angle  a  b  c.  This  will  be  still  more  evident  if  it  be 
considered  that  if  b  b  be  drawn,  making  the  angle  E  b  d  equal 
to  A  B  c,  the  height  d  g  will  be  less  than  c  e,  and  therefore  less 
than  D  K  in  the  same  proportion  as  d  b  is  less  than  c  b  ;  and 
since  d  a  is  less  than  d  k,  the  angle  D  b  E,  and  therefore  the 
angle  a  b  c,  is  less  than  the  angle  d  b  h. 

[t  follows,  therefore,  that  if  by  any  expedient  the  centre  of 
gravity  of  a  pendulous  body  be  lowered  in  each  descending 
semi-oscillation,  and  raised  in  each  ascending  one,  the  range  of 
the  oscillation  will  be  constantly  augmented ;  and  this,  as  will 
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be   apparent,    is  precisely  what  the   swinger   does  when,  by 
humouring  his  attitude  with  the  changes  of  oscillation,  he  in- 


Fig.  224. 


Fig.  225. 

creases  the  range  of  the  swing.     If  he  stand  upon  the  swing 
board  he  lowers  his  body,  as  shown  in  fig.  224,  in  each  descend- 
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ing  motion  of  the  swing,  and  raises  it,  as  in  fig.  225,  in  each 
ascending  motion  ;  in  the  one  case  he  lowers  the  centre  of 
gravity,  and  in  the  other  he  raises  it. 

If  he  sit  upon  the  swing  board,  he  lies  back  with  his  body  at 
right  angles  to  the  cord  and  his  legs  downwards  in  descending, 
and  with  his  body  upwards  and  his  legs  at  right  angles  to  the 
cord  in  ascending.  By  these  changes  of  attitude,  the  centre  of 
gravity,  as  before,  is  lower  in  descending  than  in  ascending. 

In  both  cases  the  same  effect  is  produced  as  we  have  described 
above,  in  supposing  the  body  a  {fig,  223)  to  be  lower  upon  the 
string  while  it  descends  than  while  it  ascends. 

245.  Tlie  actual  lengtb  of  a  pendulam  wblcli  vibrates 
seoondA  is  found  by  accurate  experiments  to  be  39' 139  inches  at 
London,  39*021  inches  at  the  Equator,  and  39*215  at  Spitzbergen, 
lat.  79°  49'  58''  N. 

246.  Tlie  balance  wbeel  applied  to  regulate  watchwork  is  a 
light  steel  wheel  a  b  c  {fig.  2?6)  nicely  balanced  upon  its  axis. 
Under  this  wheel  a  highly  elastic  spiral  spring,  made  of  very  fine 

steel  wire,  is  placed,  the  inner 
end  of  which  is  attached  to 
the  centre  of  the  wheel,  and 
the  outer  end  e  is  attached  to 
the  fixed  plate  of  the  watch 
under  the  wheel.  The  wheel 
naturally  assumes  a  certain 
position  of  equilibrium,  from 
which  if  it  be  disturbed  in 
either  direction,  by  turning  it  so  as  to  coil  or  uncoil  the  spring, 
it  will,  when  disengaged,  return  to  its  position  of  equilibrium  ; 
but  at  the  moment  of  arriving  at  that  position  it  will  have 
acquired  such  a  velocity  as  will  cause  it  to  go  on  in  virtue  of  the 
inertia  of  the  wheel,  and  it  wiU  thus  swing  to  the  other  side  of 
the  position  of  equilibrium.  In  this  manner  the  wheel  will 
swing  alternately  on  the  one  side  and  the  other  of  its  position 
of  equilibrium,  with  a  motion  altogether  analogous  to  the 
motion  of  a  pendulum  ;  and  this  analogy  is  rendered  still  more 
close  by  the  fact  that  the  spiral  spring  has  a  property  which 
renders  the  oscillations  of  the  wheel,  whatever  be  their  range, 
great  or  small,  isochronous  ;  that  is  to  say,  they  will  be  per- 
formed in  exactly  equal  times.  It  is  therefore  by  this  property 
that  the  balance  wheel  enjoys  the  same,  regulating  power  as  the 
pendulum. 

247.  Tlie  fly  is  a  regulator,  consisting  of  a  wheel  having 
four  arms,  upon  each  of  wliich  a  thin  oblong  vane  of  metal  is 


Fig.  2^b. 
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so  fixed  that  it  can  be  turned  with  its  plane  at  any  desired 
inclination  to  the  axis  ;  the  wheel  is  accurately  balanced  so  as 
to  be  in  equilibrium  upon  its  axis,  whatever  be  the  position  of 
the  vane.  When  a  motion  of  revolution  is  imparted  to  such 
a  wheel,  the  four  vanes  acting  against  the  atmosphere  will  be 
resisted  by  it  with  a  force  which  will  be  greater  as  the  velocity 
of  revolution  is  augmented,  and  it  is  demonstrable  that  the  rate 
of  increase  of  this  resistance  is  proportional  to  the  square  of  the 


Fig.  227. 

velocity  of  the  wheel : — thus,  with  a  double  velocity,  there  will 
be  a  fourfold  resistance  ;  with  a  triple  velocity,  a  ninefold  resist- 
ance, and  so  on.  An  apparatus  for  illustrating  experimentally 
the  effect  of  such  a  wheel  is  represented  in  fig.  227,  where  two 
such  wheels,  a  and  b,  are  mounted  on  horizont§J-axles  so  as  to 
be  capable  of  turning  with  very  little  friction^  Upon  each  of 
these  axles  is  fixed  a  small  pinion,  engaged  in  the  teeth  of  a 
rack  c  ;  to  the  lower  ends'  of  these  racks  is  attached  a  heavy 
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weight.  When  this  weight  is  pushed  up  to  the  pinions,  the 
lowest  teeth  of  the  racks  will  be  engaged  in  those  of  the  latter, 
and  if  the  weight  be  then  let  go,  it  will  fall,  drawing  the  racks 
with  it,  and  imparting  revolution  to  the  two  pinions,  so  that 
when  the  weight  shall  have  dropped  upon  the  bottom  of  the 
stand,  the  two  pinions,  and  consequently  the  two  flies,  will  have 
received  precisely  the  same  velocity  of  rotation  ;  but  the  I'acks 
having  terminated  just  before  the  arrival  of  the  weight  upon 
the  stage,  the  pinions  are  no  longer  engaged  in  their  teeth,  and 
will  therefore  be  free  to  revolve,  as  well  as  the  flies,  with  the 
velocity  acquired.  As  represented  in  the  figure,  the  vanes  of 
the  fly  B  are  presented  with  their  surfaces  at  right  angles  to  the 
direction  of  the  motion,  while  the  vanes  of  a  are  presented  with 
their  edges  to  the  motion ;  it  is  evident,  therefore,  that  one 
must  encounter  more  resistance  than  the  other  from  the  air,  and 
this  is  proved  by  the  fact  that  while  b  is  very  soon  brought  to 
rest,  A  will  continue  to  move  for  a  considerable  time.  The 
experiment  may  be  varied  by  inclining  the  vanes  at  various 
angles,  when  it  will  be  found  that  the  nearer  their  position  is  to 
that  represented  at  b,  the  sooner  the  wheel  will  be  brought  to 
rest  by  the  resistance  ;  and  the  nearer  it  is  to  the  position 
shown  in  a,  the  longer  will  be  the  continuance  of  the  motion. 
The  velocity  imparted  to  the  wheels  may  also  be  varied  by  vary- 
ing the  weight  attached  to  the  racks. 

The  practical  application  of  the  fly  as  a  regulator  depends 
upon  the  two  properties  here  explained  :  first,  that  with  a  given 
position  of  the  vanes,  the  resistance  of  the  air  will  increase  in- 
definitely with  the  velocity  ;  and,  secondly,  that  this  resistance 
will  vary  with  the  inclination  of  the  vanes  to  the  direction  of 
the  motion. 

Let  us  suppose,  for  example,  that  a  fly  be  applied  to  equalise 
the  accelerating  force  produced  by  a  descending  weight ;  the  fly 
is  then  mounted  on  an  axis  which  receives  motion,  in  common 
with  the  other  parts  of  the  mechanism  to  which  it  is  applied, 
from  the  weight.  At  the  commencement,  the  motion  will  be 
--^Accelerated  because  the  weight  will  be  greater  than  the  resist- 
ance, and  consequently  a  continually  increasing  velocity  will 
be  imparted  to  the  fly  ;  according  to  what  has  been  explained, 
the  fly  will  therefore  encounter  a  resistance  which,  increasing  as 
the  square  of  the  velocity,  will  soon  become  equal  to  the  force 
of  the  descending  weight,  and  then  all  acceleration  must  cease, 
and  the  motion  must  become  absolutely  uniform,  since  any, 
even  the  least,  increase  of  velocity  would  produce  a  resistance 
greater  than  the  moving  power ;  the  uniform  velocity  thus  at- 
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tained  will  continue  so  long^  as  the  moving  power  continues  to 
act  with  the  same  force  upon  the  mechanism. 

If  it  be  desired  to  increase  the  uniform  velocity  which  a 
given  moving  force  will  thus  impart,  it  is  only  necessary  to  turn 
the  vanes  of  the  fly  so  as  to  present  them  more  obliquely  to  the 
direction  of  the  motion. 

The  fly  possesses  a  property  as  a  regulator  which  renders  it 
available  in  many  cases  in  which  neither  the  pendulum  nor  the 
balance  wheel  would  be  applicable  :  these  two  regulators,  as  we 
shall  more  fully  explain  hereafter,  produce,  not  an  uniform, 
but  an  intermitting  motion,  as  will  be  readily  comprehended 
by  observing  the  motion  of  the  seconds-hand  of  a  time-piece, 
whether  it  be  regulated  by  a  pendulum  or  a  balance  wheel  ; 
such  a  hand,  as  everyone  knows,  moves  not  continuously,  but 
by  starts  ;  and  the  same  is  true  of  the  minute  and  hour  hands,, 
only  that  in  these  the  intermissions  are  made  through  spaces  so 
minute  that  they  are  not  observable.  Now,  in  many  cases, 
such  an  intermitting  motion  is  altogether  inadmissible,  as,  for 
•example,  in  the  apparatus  for  illustrating  the  motion  of  falling 
bodies  represented  in  fig,  55,  where  the  fly  placed*  at  the  top 
r^^lates  the  rotation  of  the  cylinder,  which  must  be  continuous 
and  uniform. 

Musical  boxes,  self-acting  pianofortes,  barrel  organs,  played 
by  mechanism,  are  all  examples  where  the  regulator  must  be  a 
fly,  and  where  neither  pendulum  nor  balance-wheel  would  be 
admissible. 


CHAPTER  XVI. 

EBGULATION  JlKD  MODIFICATION  OF   FOROB  AND  MOTION. 

248.  Seffularltj  of  motion.— Kegulaiity  and  unifoimity  are 
two  of  the  conditions  most  universally  indispensable  in  the 
operation  of  machinery  ;  sudden  changes  of  speed  are  always  a 
source  of  loss  of  power,  often  injurious  and  sometimes  destruc- 
tive to  the  apparatus,  and  never  fail  tp  produce  imperfection  in 
the  articles  fabricated. 

Much  attention,  therefore,  has  been  directed  to,  and  much 
mechanical  ingenuity  expended  on,  contrivances  for  insuring 
these  conditions  of  regularity  and  uniformity  in  the  movement 
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of  machinery,  by  removing  those  causes  of  inequality  which  can 
be  avoided,  and  by  compensating  those  which  cannot. 

Irregularity  in  the  motion  of  machinery  will  result  in  any 
one  of  the  following  causes : — 

1°.  When  a  varying  power  is  opposed  to  a  uniform  resist- 
ance. 

2°.  When  a  uniform  power  is  opposed  to  a  varying  resist- 
ance. 

3°.  When  the  power  and  resistance  both  vary,  but  not  pro- 
portionally to  each  other. 

4°.  When  the  power  is  not  transmitted  with  uniform  effect 
to  the  working  point  in  the  successive  positions  assumed  by  the 
machine. 

249.  Varj-liiff  power  opposed  to  nnlform  resistance. — 
The  force  of  the  prime  mover  is  seldom  regular.  The  force  of 
water  varies  with  the  copiousness  of  the  stream ;  the  force  of 
wind  is  proverbially  capricious ;  the  power  of  steam  varies 
with  the  intensity  of  combustion  in  the  furnace  ;  and  the  force 
of  animal  power,  depending  on  the  temper  and  health,  is  diffi- 
cult of  control,  human  labour  being  the  most  unmanageable 
of  all.  No  machine  works  so  irregularly  as  one  that  is  depend- 
ing on  manipulation. 

In  some  cases  the  prime  mover  is  subject,  by  the  very  con- 
ditions of  its  existence,  to  constant  variation  ;  as,  for  example, 
where  it  is  a  main-spring,  which  gradually  loses  its  energy  as  it 
is  relaxed.  In  some  cases,  the  prime  mover  is  liable  to  inter- 
mission, and  is  totally  suspended  during  certain  intervals.  An 
example  of  this  is  presented  in  the  single-acting  steam-engine, 
where  the  force  of  the  steam  acts  only  during  the  descent  of  the 
piston,  but  is  suspended  during  its  ascent. 

250.  imiform  power  opposed  to  var74ngr  resistance. — In 
almost  all  the  applications  of  machinery  the  load  or  resistance 
is  subject  to  continual  fluctuation.  In  mills,  a  multiplicity  of 
parts  are  liable  to  be  occasionally  and  irregularly  disengaged, 
and  to  have  their  operations  suspended.  In  large  factories  for 
spinning,  printing,  dyeing,  &c.,  a  great  number  of  separate  spin- 
ning-machines, looms,  presses,  and  other  engines,  are  usually 
driven  by  a  common  power,  such  as  a  water-wheel  or  a  steam- 
engine.  In  such  cases,  the  number  of  machines  worked  at  the 
same  time  must  necessarily  vary  according  to  the  employment 
supplied  to  the  factory,  and  to  the  fluctuating  demand  for  the 
articles  produced.  Under  such  circumstances,  the  velocity  with 
which  the  machinery  is  moved  would  suffer  corresponding 
changes,  increasing  with  each  diminution,  and  being  retarded 
with  each  increase  of  the  resistance. 
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In  many  cases,  the  variation  of  the  power  and  the  variation 
of  the  resistance  are  both  from  their  conditions  inevitable,  and 
yet  a  uniform  effect  is  indispensable.  It  is  evident  that  this 
can  only  be  insured  by  a  class  of  contrivances  which  have  for 
their  object  to  proportion  the  power  to  the  resistance,  by  either 
causing  a  diminution  or  increase  of  resistance  to  diminish  or 
augment  the  supply  of  power  ;  or,  on  the  other  hand,  by  causing 
the  variation  of  the  power  to  act  in  a  corresponding  manner 
upon  the  resistance  or  load.  In  a  word,  uniformity  of  action  in 
machinery  can  only  be  insured  by  providing  means  by  which  the 
power  and  the  resistance,  no  matter  what  be  their  respective 
variations,  shall  always  be  proportional  to  each  other.  ^ 

Whenever  the  power  is  less  than  that  which  is  in  equilibrium 
with  the  resistance,  the  motion  will  be  retarded,  and  if  this  con- 
dition continue,  it  will  ultimately  stop ;  and  whenever  the  power 
is  greater  than  that  determined  by  the  condition  of  equilibrium, 
the  motion  will  be  accelerated;  and  if  this  condition  should  con- 
tinue, tlie  acceleration  would  continue  until  the  machine  would 
be  destroyed  by  its  own  momentum. 

There  is  scarcely  any  machine  in  which  the  energy  of  the 
power  is  transmitted  uniformly  to  the  resistance  in  all  the 
phases  of  the  mechanism.  In  all  machines  th^  moving  parts 
assume  in  succession  a  variety  of  positions,  in  each  of  which 
their  effect  in  transmitting  the  power  to  the  resistance  is  different ; 
and  thus  the  effective  energy  of  the  machine  in  acting  against 
the  resistance  is  subject  to  continual  fluctuation.  It  is  not  easy 
to  convey,  without  numerous  examples,  a  general  idea  of  those 
causes  of  inequality  to  those  who  are  not  familiar  with  ma- 
chinery. It  will,  however,  be  more  clearly  understood  when  we 
come  to  explain  the  methods  of  equalising  the  action  of  the 
power  and  the  resistance. 

251.  Regrulators. — The  class  of  contrivances  which  have  for 
their  object  to  render  the  power  and  resistance  proportionate  to 
each  other  are  caUed  regulators.  They  generally  act  jipon  that 
point  of  the  machine  which  commands  the  supply  of  the  power 
by  means  of  some  mechanical  contrivances,  which  check  the 
quantity  of  the  moving  principle  conveyed  to  the  machine 
whenever  the  motion  becomes  accelerated,  and  increase  the 
supply  whenever  it  becomes  retarded.  In  a  water-wheel,  for 
example,  this  is  accomplished  by  acting  upon  the  shuttle,  in  a 
windmill  by  the  adjustment  of  the  sails,  and  in  a  steam-engine 
by  acting  on  a  valve  called  the  throttle- valve  placed  in  the  main 
pipe,  through  which  steam  flows  from  the  boiler  to  the  cylinder. 

252.  The  fpovemor. — One  of  the  most  interesting  and  in- 
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Btructive  examples  of  this  class  of  oontrivanoes  is  called  the 
governor.  This  expedient,  which  was  long  used  to  regulate  mill 
work  and  other  machinery,  owes  its  beautiful  adaptation  to  the 
steam-engine  to  the  ingenuity  of  Watt.     Tt  consists  of   two 


Fig.  228. 

heavy  balls,  b  b,  Jig.  228,  attached  to  the  extremity  of  rods 
B  F  jointed  at  e,  and  passing  through  a  mortice  in  the  vertical 
stem  D  d'. 

When  the  balls  b  are  driven  from  the  axis  by  the  central 
force  arising  from  their  rotation,  their  upper  arms  £  f  are  caused 
to  increase  their  divergence  in  the  same  manner  as  the  blades  of 
scissors  are  opened  by  separating  the  handles.  These  acting 
upon  the  ring  h,  by  means  of  the  short  rods  v  h,  draw  it  down 
the  vertical  axis  from  d  towards  e.  A  contrary  effect  is  pro- 
duced when  the  balls  b  are  brought  closer  to  the  axis,  and  the 
divergence  of  the  rods  b  e  diminished.  A  horizontal  wheel  w 
is  attached  to  the  vertical  axis  d  d',  having  a  groove  to  receive 
a  rope  or  strap  upon  its  rim.  This  strap  passes  round  the 
wheel  or  axis  by  which  motion  is  transmitted  to  the  machinery 
to  be  regulated,  so  that  the  spindle  or  shaft  d  d'  will  be  always 
made  to  revolve  with  a  speed  proportionate  to  that  of  the  ma- 
chinery. 

As  the  shaft  d  d'  revolves,  the  balls  b  are  carried  round  it 
with  a  circular  motion,  and  consequently  acquire  a  central 
force,  which  causes  them  to  recede  from  the  axle,  and  therefore 
to  depress  the  ring  h.  On  the  edge  or  rim  of  this  ring  is 
formed  a  groove,  which  is  embraced  by  the  prongs  of  a  fork  i 
at  the  extremity  of  one  arm  or  a  lever  whose  fulcrum  is  at  o. 
The  extremity  K  of  the  other  arm  is  connected  by  some  means 
with  the  part  of  the  machine  which  supplies  the  power.  In  the 
present  instance  we  shall  suppose  it  a  steam-engine,  in  which 
case  the  rod  K  i  communicates  with  a  flat  circular  valve  v  placed 
in  the  principal  steam-pipe,  and  so  arranged  that  when  k  is  ele- 
vated as  far  as  by  their  divergence  the  balls  !b  have  power  over* 


Digitized 


by  Google 


REGULATION  OF  fORCE  AND  MOTION.       277 

it,  the  passage  of  the  pipe  will  be  closed  by  the  valve  v,  and  the 
passage  of  steam  entirely  stopped ;  and,  on  the  other  hand, 
when  the  balls  subside  to  their  lowest  position,  the  valve  wiQ  be 
presented  with  its  edge  in  the  direction  of  the  tube,  so  as  to 
interrupt  no  part  of  the  steam. 

The  property  which  renders  this  instrument  so  well  adapted 
to  its  purpose  is,  that  there  is  but  one  velocity  at  which  the 
balls  can  remain  in  equilibrium. 

253.  Fusee. — The  eflG^ct  of  a  power  of  variable  energy  may 
be  rendered  uniform  by  transmitting  it  to  the  working  point 
through  the  agency  of  a  leverage  of  corresponding  variation  so 
regulated  that,  in  the  same  proportion  as  the  power  diminishes 
in  energy,  the  leverage  shall  increase,  and  vice  versd.  A  well- 
known  example  of  this  occurs  in  the  construction  of  certain 
watches,  where  the  moving  power,  being  a  main-spring  inclosed 
in  a  barrel,  has  a  gradually  diminished  energy  as  the  spring  is 
relaxed.     The  chain  as  it  is  discharged  from  the  barrel  is  coiled 


Fig.  229. 

upon  a  conical  spiral,  called  a  fusee,  represented  in  Jig.  229. 
The  leverage  by  which  the  force  of  the  spring  is  transmitted 
being .  the  semi-diameter  of  the  fusee ;  and  the  motion  com- 
mencing from  the  top,  or  narrowest  end,  it  follows  that  when 
the  energy  of  the  spring  is  greatest  the  leverage  is  least ;  and  as 
the  chain  coils  upon  the  barrel  containing  the  spring,  and  is 
discharged  from  the  fusee,  the  radius  of  each  part  of  the  fusee 
which  discharges  the  chain  gradually  increases.  The  form  of 
the  fusee  is  such  that  this  increase  of  leverage  is  in  the  exact 
proportion  of  the  diminished  force  of  the  spring. 

The  several  parts  of  a  machine  have  certain  periods  of  mo- 
tion, in  which  they  pass  through  a  variety  of  positions,  returning 
constantly  to  similar  positions  after  equal  intervals. 
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In  the  different  positions  assumed  by  the  moving  parts 
during  these  periods,  the  effect  of  the  power  transmitted  to  the 
working  point  is  different ;  and  cases  even  occur  in  which  for  a 
moment  this  effect  is  altogether  interrupted,  and  the  machinery 
is  then  in  a  predicament  in  which  the  power  loses  all  effect  upon 
the  resistance.  The  consequence  of  this  would  be,  that,  sup- 
posing the  power  and  resistance  to  be  both  uniform,  the  action 
of  the  former  upon  the  latter  would  be  subject  to  periodical 
variation,  being  at  one  time  more  and  at  another  time  less  than 
what  would  be  necessary  to  keep  the  whole  in  equilibrium. 

Under  these  circumstances,  it  is  possible  to  suppose  that  the 
movement  of  the  machine  may  continue,  and  even  that  its 
average  rate  may  be  uniform  ;  but  its  motion  would  be  subject 
to  periodical  variations,  being  alternately  accelerated  and  re- 
tarded. This  would  be  attended  not  only  with  an  injurious 
effect  upon  the  work  produced  by  the  machine,  but  would  be 
also  detrimental  to  the  machine  itself,  whose  moving  parts 
would  be  subject  to  continual  starts  and  strains  arising  from  the 
alternate  reception  and  destruction  of  momentum. 

254.  Crank. — To  render  these  general  observations  more 
clearly  intelligible,  we  shall  take,  as  an  example,  the  action 
of  a  common  crank,  used  in  steam-engines  and  many  other 
machines. 

A  crank  is  nothing  more  than  a  double  winch.     It  is  repre- 
sented complete  with  both  its  arms  in^.  230.    Attached  to  the 
middle  of  c  d,  by  a  joint,  is  a  rod,  which 
is  the  means  of  imparting  the  effect  of 
the  power  to  the  crank.     This  rod  is 
ZZIZI     driven  by  an  alternate  motion  like  the 
g  brake  of  a  pump.     The  bar  c  d  is  car- 

c|j^Q-dJ°  ried  with  a  circular  motion  round  the 

^  axis  A  p. 

*^*  ^^°*  Let  the  machine  viewed  in  the.  direc- 

tion A  B  E  F  of  the  axis  be  conceived  to  be  represented  in 
jig.  231,  where  A  represents  the  centre  round  which  the  motion 
is  to  be  produced,  and  G  the  point  where  the  connecting  rod  G  b 
is  attached  to  the  arm  of  the  crank.  The  circle  through  which 
G  is  to  be  urged  by  the  rod  is  represented  by  the  dotted  line. 
In  the  position  represented  in  fig.  231,  the  rod  acting  in  the 
direction  H  G  has  its  full  power  to  turn  the  crank  G  A  round 
the  centre  A.  As  the  crank  comes  into  the  position  represented 
in  fig.  232  this  power  is  diminished  ;  and  when  the  point  G 
comes  immediately  below  a,  as  in  fi^.  233,  the  force  in  the  di- 
rection H  G  has  no  effect  in  turning  the  crank  round  a,  but, 
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on  the  contrary,  is  entirely  expended  in  pulling  the  crank  in 
the  direction  o  a,  and  therefore  only  acts  on  the  pivots  or  gud- 
geons which  support  the  axle. 

At  this  crisis  of  the  motion,  therefore,  the  whole  effective 
energy  of  the  power  is  annihilated. 

After  the  crank  has  passed  to  the  position  represented  in  fig. 
234,  the  direction  of  the  force  which  acts  upon  the  connecting 
rod  is  changed,  and  now  the  crank  is  drawn  upward  in  the  di- 
rection G  H.  In  this  position  the  moving  force  has  some  efBcacy 
to  produce  rotation  round  a,  which  efficacy  continually  increases 


m 


Fig.  231. 


(^ 


Fig.  232. 


i      ^(  )         ) 


hi 


Fig-  233.  Fig.  236.  ,^ 

until  the  crank  attains  the  position  showau'-gt'tfuuAlly  and  regu- 
power  is  greatest.  Passing  froDW'j  and  transmitted,  through  the 
continually  diminished  i^^ftSids. 

above  the  axis  a  (Jig.  j^^  moved  by  main-springs  instead  of  a 
efficacy  to  turn  the/^tion  of  the  moving  power  is  still  more  ex- 
can  pbviously  prf*being  wound  up,  will  frequently  go  for  fifteen 
pivots  or  gudge<?«nuch  longer.  In  this  case,  therefore,  the  me- 
Itv^will  be  >•  exerted  by  the  hand  in  winding  them  up,  and 
transmitte4^eloped  in  less  than  a  minute,  is  spread  over  at  least 
dead  po*^^^  twenty-four  hours  by  the  mechanism  of  the  clock, 
dependi?-  Clookwork  moved  bj*  a  weigrbt.  —  In  the  case  of 
uat  botV  which  move  by  a  descending  weight,  the  original  moving 
Hn  pi^  ^  ^^^  ^^  application  of  the  human  hand  in  winding  up 
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Through  a  small  space  at  either  side  of  these  dead  points,  the 
effect  transmitted  to  g,  though  not  absolutely  nothing,  is  almost 
evanescent,  so  that  it  may  be  considered  that  through  a  small 
arc  at  either  side  of  each  of  the  dead  points  the  machine  is  quite 
inert. 

It  must,  however,  be  considered  that,  in  virtue  of  its  inertia, 
the  motion  which  the  machinery  had  previously  to  its  arrival  at 
its  dead  points  has  a  tendency  to  continue ;  and  if  the  resistance 
of  the  load  and  the  effects  of  friction  be  not  too  great,  this 
disposition  to  preserve  its  state  of  motion  will  extricate  the 
machinery  from  the  mechanical  dilemma  in  which  it  is  involved 


tion  A  B  E  F  of 
Jig.  231,  where 


Fig.  237. 

*^g2^^j>articular  disposition    of    its   parts. 

Let  £nS^^^^  not  therefore  be  actually 

the    axis  be  conceive^u**  ^^^  ^^^  l^mta,  it 

,.^.  .,., „  represents  the  centre  rou^e^  ^a"<^»  ^^e»  *^® 

is  to  be  produced,  and  g  the  point  where  the'v^^  *^e  position  re-        1 
is  attached  to  the  arm  of  the  crank.     The  cir<7  accelerated.  ■ 

o  is  to  be  urged  by  the  rod  is  represented  by  ^^^^sed  by  fixing  | 
In  the  position  represented  in  Jig.  231,  the  rod  'P^V^9^  the  { 
direction  h  g  has  its  full  power  to  trim  the  crank " lv^#  237),  ^ 
the  centre  a.  As  the  crank  comes  into  the  position  repreily  light 
in  Jig.  232  this  power  is  diminished;  and  when  the  pcl^  ^^7  sW 
comes  immediately  below  a,  as  in  Jig.  233,  the  force  in  th^educ-  J  , 
recticn  h  g  has  no  effect  in  turning  the  crank  round  A,  U'^tiL/ 
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some  obstacle  retard  it,  which  obstacle  will  receive  from  it  as 
much  force  as  the  fly-wheel  loses. 

The  effect  of  such  a  wheel  applied  to  the  parts  moved  by  the 
crank  will  equalise  the  inequality  which  has  just  been  described. 
When  the  crank  assumes  the  position  represented  in  figs,  231 
and  235,  where  the  power  has  full  play  upon  it,  the  effect  of  the 
power  is  partly  transmitted  to  the  machine,  and  partly  received 
by  the  movable  rim  of  the  fly-wheel,  to  which  it  imparts  in- 
creased momentum.  There  is  here,  it  is  true,  an  acceleration  of 
the  motion,  but  one  which  is  comparatively  small,  inasmuch  as 
the  great  mass  of  the  fly-wheel  receives  the  momentum  without 
sensible  increase  of  speed.  When  the  crank  gets  into  the  pre- 
dicament represented  at  the  dead  points  (fi>g8,  233  and  236),  the 
momentum  of  the  fly  wheel,  received  when  the  crank  acted  with 
the  most  advantage,  immediately  conveys  its  force  to  the  work- 
ing-point o,  extricates  the  machine,  and  carrying  the  crank  out  - 
of  the  neighbourhood  of  the  dead  point,  brings  the  power  again 
to  bear  upon  it. 

It  happens  frequently  in  the  practical  application  of  ma- 
chinery, that  the  moving  power  is  jnuch  too  intense,  or  much 
too  feeble,  for  the  resistance  ;  and  in  the  one  case  contrivances 
are  required  by  which  it  may  be  greatly  attenuated,  and  in  the 
other  by  which  it  may  be  greatly,  augmented. 

256.  Matn-sprlng. — In  the  case  of  watchwork,  the  resist- 
ance to  be  overcome  is  nothing  more  than  that  presented  by 
the  hands  which  move  upon  the  dial-plate.  In  this  case  the 
moving  power  is  the  force  of  the  fingers,  by  which  once  in 
twenty-four  hours  the  main-spring  is  wound  up.  Tlie  main- 
spring itself  must  be  regarded,  in  this  case,  as  a  mere  depository 
for  the  power  exerted  in  winding  up  the  watch,  and  not  as  a 
prime  mover.  The  force  which  is  thus  deposited  once  in  twenty- 
four  hours  in  the  main-spring  is  delivered  gradually  and  regu- 
larly, by  such  spring,  to  the  fusee,  and  transmitted,  through  the 
system  of  wheels,  to  the  hands. 

In  the  case  of  clocks  moved  by  main-springs  instead  of  a  . 
weight,  this  attenuation  of  the  moving  power  is  still  more  ex- 
tensive. These,  being  wound  up,  will  frequently  go  for  fifteen 
days  and  even  much  longer.  In  this  case,  therefore,  the  me- 
chanical force  exerted  by  the  hand  in  winding  them  up,  and 
which  is  developed  in  less  than  a  minute,  is  spread  over  at  least 
fifteen  times  twenty-four  hours  by  the  mechanism  of  the  clock. 

257.  ClookworlL  moved  bj-  a  weigrbt.  —  In  the  case  of 
clocks  which  move  by  a  descending  weight,  the  original  moving 
force  is  also  the  application  of  the  human  hand  in  winding  up 
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the  weight.  The  weight,  being  lifted  a  height  of  three  or  four 
feet,  descends  slowly  through  the  same  height,  imparting  its 
descending  force  gradually  and  regularly  to  the  clockwork.  In 
this  case,  therefore,  the  descending  force  of  a  weight  through  a 
small  height  is  so  attenuated  as  to  impart  a  motion  to  the  hands 
which,  will  continue  sometimes  for  a  month  or  longer. 

It  is  frequently  required,  on  the  contrary,  to  impart  to  the 
resistance  a  force  vastly  greater  in  intensity  than  the  moving 
power.  Numerous  examples  of  this  have  ^en  already  given 
in  illustrating  the  simple  machines.  In  aU  cases  where  the 
leverage  of  the  power  is  greater  than  the  leverage  of  the  resist- 
ance,'there  will  be  an  augmented  intensity  of  mechanical  action 
in  the  same  proportion  ;  and  this  intensity,  by  combining  levers 
or  other  simple  machines,  may  be  augmented  without  any  prac- 
tical limit. 

258.  Bammem,  sledges,  Ac. — But  in  some  cases  a  force  is 
required  more  intense  than  can  be  obtained  even  by  these  means. 
In  such  cases  it  becomes  necessary  to  convert  the  continued 
agency  of  the  moving  power  into  one  which  acts  instantly  and 
by  intermission.  If,  for  example,  it  be  required  to  cause  a  nail 
to  penetrate  a  beam  of  wood,  we  should  attempt  in  vain  to  ac- 
complish this  by  producing  any  pressure,  however  great,  on  the 
head  of  the  nail.  A  few  blows  of  a  hammer,  nevertheless, 
easily  effect  this.  In  this  case,  the  moving  power  is  the  hand, 
or  other  force  which  raises  the  hammer.  The  mass  of  the  ham- 
mer, in  falling  on  the  head  of  the  nail,  instantly  imparts  to  the 
nail  the  entire  force  which  was  exerted  in  lifting  it,  but  with 
this  difference,  that  such  force,  in  raising  the  hammer,  was  de- 
veloped in  a  certain  definite  time,  whereas  it  is  discharged  upon 
the  head  of  the  nail  in  an  instant. 

The  same  observations  apply  to  all  cases  in  which  percussion 
is  used.  In  all  these  cases  the  force  is  developed  in  a  definite 
time,  but  is  discharged  upon  the  resistance  in  an  instant. 

259.  Inertia  aupplles  means  of  aocumnlatlnfp  force. — In 
.  some  cases  where  a  severe  instantaneoiis  action  is  required,  the 

moving  power  is  accumulated  by  means  of  the  inertia  of  matter. 
A  mass  of  matter  retains,  by  virtue  of  its  inertia,  the  whole 
amount  of  any  force  which  may  be  given  to  it,  except  that  part 
of  which  friction  and  the  atmospheric  resistance  deprives  it.  To 
render  this  method  of  accumulating  force  intelligible,  let  us  first 
imagine  a  polished  level  plane,  on  which  a  heavy  globe  of  nietal, 
also  polished,  is  placed.  It  is  evident  that  the  globe  will  remain 
at  rest  on  any  part  of  the  plane  without  a  tendency  to  move. 
Suppose,  then,  a  slight  impulse  be  given  to  it,  which  will  cause 
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it  to  move  with  any  giyen  velocity—  for  example,  three  feet  per 
second.  It  will  then  continue  to  move  with  this  velocity,  for 
any  length  of  time,  except  so  far  as  it  may  be  impeded  by  the 
resistance  already  mentioned. 

Let  us  then  imagine  a  second  impulse  given  to  it  equal  in 
force  to  the  former  :  this  will  increase  its  velocity  to  six  feet  per 
second  ;  a  third  impulse  will  augment  it  to  nine  feet  per  second, 
and  so  on.  Now,  there  is  no  limit  to  the  number  of  impulses 
which  may  be  successively  given  to  the  moving  body,  provided 
only  space  were  given  for  its  motion.  Thus,  ten  thousand  re- 
T>etitions  of  the  impulse  would  make  the  body  move  at  the  rate 
of  30,000  feet  per  second.  If  the  body  to  which  these  impidses 
were  transmitted  were  a  cannon-ball,  it  might,  by  the  constant 
application  of  a  feebly  impelling  force,  be  made  to  move  at 
length  with  as  much  force  as  if  it  were  impelled  from  a  powerful 
piece  of  ordnance.  The  force  with  which  such  a  ball  would 
strike  a  buttress  might  be  sufficient  to  reduce  it  to  ruins  ;  and 
yet  such  force  may  be  nothing  more  than  the  accumulation  of  a 
number  of  feeble  forces,  not  beyond  the  power  of  a  child  to 
exert,  which  are  stored  up  and  preserved  in  the  moving  mass, 
and  then  brought  to  bear  at  the  same  moment  on  the  resist- 
ance against  which  the  force  is  directed.  It  is  the  same  for 
any  number  of  actions  exerted  successively  and  during  a 
long  interval,  brought  into  operation  at  one  and  the  same 
moment. 

But  the  case  here  supposed,  cannot  actually  occur,  because 
we  have  not  in  general  practical  means  of  moving  a  body  for  a 
considerable  time  in  the  same  direction,  without  much  friction, 
and  without  encountering  other  obstacles  which  would  impede 
its  progress.  If,  however,  a  leaden  ball  be  attached  to  the  end 
of  a  string  and  whirled  rapidly  round,  a  great  force  would  be 
given  to  it,  and  it  will  strike  a  board  with  such  intensity  as  to 
produce  a  very  destructive  effect. 

A  weapon  called  a  life-preserver  consists  of  a  piece  of  lead 
sometimes  attached  to  the  end  of  a  piece  of  cane  or  whalebone, 
with  which  a  blow  may  be  given  with  great  force.  Innumerable 
examples  of  the  application  of  this  principle  will  present  them- 
selves to  every  mind.  Flails  used  in  threshing,  clubs,  canes, 
whips,  and  all  instruments  used  for  striking,  axes,  hatchets, 
cleavers,  und  aU  instruments  which  act  by  a  blow,  present  ex- 
amples of  this  principle. 

Wliere  very  intense  force  is  required,  as  for  example,  in 
certain  presses,  two  heavy  balls  are  attached  to  the  ends  of  a 
hc^xizontal  lever  a  b,  with  equal  arms,  fig,  238.    This  lever  works 
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Fig.  238. 


a  screw,  at  the  lower  end  of  which  is  the  working  point.  A  rapid 
motion  is  imparted  to  the  balls  by  the  hand,  and  the  working 
point  is  driven  against  the  resistance  by  the  accumulated  mo- 
mentum acquired  by  the  balls,  augmented  by  the  leverage  of 
the  arms  to  which  they  are  attached,  and  the  mechanical  force 
of  the  screw. 

The  surprising  effects  produced  by  the  accumulation  of  force 
are  apt  to  lead  to  erroneous  suppositions,  that  instruments  thus 
acting  by  inertia  have  the  effect  of  actually  augmenting  the 
amount  of  moving  power.    When  the  quality  of  inertia,  however, 

is  rightly  understood,  such  an 
error  cannot  occur.  The  in- 
struments by  which  force  is  thus 
accumulated,  so  far  from  aug- 
menting the  effect  of  the  moving 
power,  must  to  some  extent  di- 
minish it ;  inasmuch  as  they  are 
liable  to  friction  and  atmosphe- 
ric resistance,  by  which  more 
or  less  force  is  intercepted.  An 
accumulator  of  force,  whatever 
be  its  form,  can  never  have 
more  force  than  has  been  applied  to  put  it  in  motion.  Whether 
it  be  a  falling  weight,  a  revolving  mass,  a  spring  which  is  coiled 
up,  or  air  which  is  condensed,  it  cannot  develop  a  greater 
amount  of  force  than  that  which  is  imparted  in  raising  it  if  it 
be  a  weight,  in  putting  it  in  motion  if  it  be  a  moving  mass,  in 
winding  it  up  if  it  be  a  spring,  or  in  compressing  it  if  it  be  air. 
The  only  difference  between  the  power  which  is  imparted  to 
these  agents,  and  the  effects  which  they  produce  respectively 
upon  the  resistance,  is  to  be  found  in  the  time  during  which  the 
effects  are  developed.  The  power  is  in  general  imparted  slowly, 
while  the  effects  are  produced  almost  instantaneously. 

MUls  for  rolling  metals,  or  for  punching  boiler-plates,  supply 
striking  examples  of  this.  The  water-wheel,  or  steam-engine, 
or  whatever  other  power  be  used,  is  allowed  for  some  time  to 
act  upon  the  fly-wheel  alone,  no  load  being  placed  upon  the 
machine.  When  a  suflScient  momentum  has  been  imparted  to 
the  mass  of  metal  forming  the  fly-wheel,  the  metal  t(^  be  rolled 
or  pierced  is  submitted  to  the  machine,  and  is  imiaediately 
flattened  or  perforated  by  it,  depriving  at  the  same  time^e fly- 
wheel of  a  corresponding  quantity  of  its  momentum.        ^'X 

In  the  same  manner,  a  force  may  be  obtained  by  the  armi^f 
men  acting  on  a  fly  for  a  few  seconds,  sufficient  to  produce  R 
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impression  on  a  piece  of  metal  by  an  instantaneous  stroke.    The 
fly  is  therefore  the  principal  agent  in  coining-presses. 

Some  presses  used  in  coming  have  flies  with  arms  four  feet 
long,  bearing  a  hundredweight  at  each  of  their  extremities. 
2f  such  a  velocity  be  imparted  to  such  an  arm  that  it  shall  make 
one  revolution  per  second,  the  die  will  be  driven  against  the 
metal  with  the  same  force  as  that  with  which  3}  tons  would  fall 
from  the  height  of  16  feet,  which  is  an  enormous  power,  if  the 
simplicity  and  compactness  of  the  machine  be  considered. 

260.  PoslUoii  of  tlie  fly-wheel. — The  place  to  be  assigned 
to  a  fly-wheel  relatively  to  the  other  parts  of  the  machinery  is 
determined  by  the  purpose  for  which  it  is  used.  If  it  be  in- 
tended to  equalise  the  action,  it  should  be  near  the  working 
point.  Thus,  in  a  steam-engine,  it  is  placed  near  the  crank 
which  turns  the  axle  by  which  the  power  of  the  engine  is  trans- 
mitted to  the  object  it  is  Anally  designed  to  accomplish.  On  the 
contrary,  in  hand-mills,  such  as  those  commonly  used  for  grind- 
ing coflee,  &c.,  it  is  placed  upon  the  axis  of  the  winch  by  which 
the  machine  is  worked. 

The  open  work  of  fenders,  fire-grates,  and  similar  ornamental 
articles  constructed  in  metal,  is  produced  by  the  action  of  a  fly 
in  the  manner  abeady  described. 

The  cutting  tool,  shaped  according  to  the  pattern  to  be  exe- 
cuted, is  .attached  to  the  end  of  the  screw,  and  the  metal  being 
held  in  a  proper  position  beneath  it,  the  fly  is  made  to  urge  the 
tool  downwards  with  such  force  as  to  stamp  out  pieces  of  the 
required  figure.  When  the  pattern  is  complicated,  and  it  is 
necessary  to  preserve  with  exactness  the  relative  situation  of  its 
diflerent  parts,  a  niunber  of  punches  are  impelled  together,  so 
as  to  strike  the  entire  piece  of  metal  at  the  same  instant,  and 
in  this  manner  the  most  elaborate  open  work  is  executed  by  a 
single  stroke  of  the  hand. 

261.  Modlfloation  of  motion. — Although  the  simple  ma- 
chines, classed  under  the  general  denomination  of  mechanical 
powerSf  include  in  principle  all  the  solid  parts  which  can  enter 
into  the  composition  of  any  piece  of  mechanism,  there  are  still 

'  many  expedients  which,  on  account  of  their  simplicity  of  con- 
struction and  extensive  utility  in  practice,  merit  more  particular 
notice. 

In  the  arts  and  manufactures,  the  kind  of  motion  produced 
by  a  given  force  is  often  of  much  greater  importance  than  either 
the  velocity  imparted  to  the  working-point,  or  the  amount  of  the 
useful  effect  obtained  from  the  moving  power  ;  the  latter  may 
IS    affect  the  quantity  of  work  done  in  a  given  time ;  but  the  former, 
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in  particular  cases,  is  essential  to  the  performance  of  the  work, 
in  any  quantity  whatever. 

In  the  practical  application  of  machinery,  the  object  aimed 
at  is  often  to  communicata  to  the  working  point  some  peculiar 
sort  of  motion  adapted  to  the  uses  to  which  the  machine  h 
applied,  and  it  rarely,  indeed  almost  never,  happens  that  the 
movable  power  is  capable  of  this  sort  of  motion.  Expedients 
must,  therefore,  be  discovered  by  means  of  which  the  motions 
which  the  moving  power  is  capable  of  directly  producing  can  be 
converted  into  those  which  are  necessary  for  the  purposes  to 
which  the  machine  is  applied. 

The  varieties  of  motion  which  most  commonly  present  them- 
selves in  the  practical  application  of  mechanics  may  be  divided 
into  rectilinear  and  rotatory.  In  rectilinear  motion  the  several 
parts  of  the  moving  body  proceed  in  parallel  straight  lines  with 
the  same  speed.  In  rotatory  motion  the  several  points  revolve 
round  an  axis,  each  performing  a  complete  circle,  or  similar 
parts  of  a  circle,  in  the  same  time. 

Each  of  these  may  again  be  resolved  into  continued  and  re- 
ciprocating. In  a  continued  motion,  whether  rectilinear  or 
rotatory,  the  parts  move  constantly  in  the  same  direction, 
whether  that  be  in  parallel  straight  lines  or  in  rotation  on  an 
axis.  In  reciprocating  motion  the  several  parts  move  alternately 
in  opposite  clirections,  tracing  the  same  spaces  from  end  to  end 
continually.  Thus,  there  are  four  principal  species  of  motion 
which  more  frequently  than  any  others  act  upon,  or  are  required 
to  be  transmitted  by,  machines : — 

1 .  Continued  rectilinear  motion. 

2.  Reciprocating  rectilinear  motion. 

3.  Continued  circular  motion. 

•4.  Reciprocating  circular  motion. 
These  will  be  more  clearly  understood  by    examples   of  each 
kind. 

Continued  rectilinear  motion  is  observed  in  the  flowing  of 
a  river,  in  a  fall  of  water,  in  the  blowing  of  the  wind,  in  the 
motion  of  an  animal  upon  a  straight  road,  in  the  perpendicular 
fall  of  a  heavy  body,  in  the  motion  of  a  body  down  an  inclined 
plane. 

Reciprocating  rectilinear  motion  is  seen  in  the  piston  of  a 
common  syringe,  in  the  rod  of  a  common  pump,  in  the  hammer 
of  a  pavier,  the  piston  of  a  steam-engine,  the  stampers,  of  a 
fulling-mill. 

Continued  circular  motion  is  exhibited  in  all  kinds  of  wheel- 
work,  and  is  so  common  that  to  particularise  it  is  needless. 
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Reciprocating  circular  motion  is  seen  in  the  pendulum  of  a 
clock,  and  in  the  balance-wheel  of  a  watch. 

We  shall  now  explain  some  of  the  contrivances  by  which  a 
power  having  one  of  these  motions  may  be  made  to  commu- 
nicate either  the  same  species  of  motion  changed  in  its  velocity 
or  direction,  or  any  of  the  other  three  kinds  of  motion. 

262.  Contlnned  rectilinear  motion. — The  most  obvious 
expedient  for  producing  this  motion  is  by  means  of  one  or  more 
pulleys.  It  has  been  already  shown  that,  by  a  single  fixed 
pulley,  a  moving  power  acting  in  the  direction  of  any  line  may 
impart  continued  rectilinear  motion  to  a  resistance  in  any  other 
line,  provided  only  that  the  two  directions  can  be  connected  by 
a  fixed  pulley.  This,  however,  can  only  be  done  when  lines 
drawn  in  the  two  directions  intersect  each  other.  In  that  case 
a  fixed  pulley,  being  placed  in  the  angle  formed  by  the  two 
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Fig.  239. 

lines,  with  its  axis  perpendicular  to  them,  will  serve  to  guide  a 
rope,  one  part  of  which  will  be  directed  to  the  resistance,  and 
the  other  to  the  moving  power. 

If,  however,  the  direction  of  the  power  do  not  intersect  that 
of  the  resistance,  they  must  either  be  parallel  or  in  diflferent 
planes. 

If  they  be  parallel,  as,  for  example,  when  /the  power  acts 
vertically  downwards,  while  the  weight  is  moved  vertically  up- 
wards, the  object  will  be  attained  by  two  fixed  pulleys  having 
their  axes  horizontal,  one  placed  directly  above  the  power,  and 
the  other  dii*ectly  above  the  resistance. 

If  the  direction  of  the  power  and  that  of  the  weight  be  in 
different  planes,  the  object  may  also  be  attained  by  two  fixed 
pulleys,  placed  at  any  two  points  arbitrarily  taken.  The  axis 
of  the  pulley  o  (fig.  239),  which  guides  that  part  of  the  rope 
directed  to  the  power  p,  must  in  that  case  be  at  right  angles  to 
the  direction  of  the  power  and  that  of  the  line  joining  the 
pulleys  ;  and  the  axis  of  the  pulley  o',  which  guides  that  part 
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of  the  rope  directed  to  the  resiBtance  w,  must  be  at  right  angles 
to  the  direction  of  the  line  joining  the  pulleys  and  that  of  the 
resistance. 

If  it  be  necessary  to  change  the  velocity,  any  of  the  systems 
of  pulleys  described  in  Arts.  223  et  teq,  may  be  used  in  addition  to 
the  fixed  pulleys. 

By  the  wheel  and  axle  any  one  continued  rectilinefur  motion 
may  be  made  to  produce  another  in  any  other  direction,  and 
with  any  other  yelodl^.  It  has  been  already  explained  that 
the  proportion  of  the  velocity  of  the  power  to  that  of  the  weight 
is  as  the  diameter  of  the  wheel  to  the  diameter  of  the  axle. 
The  thickness  of  the  axle  being  therefore  regulated  in  relation 
to  the  size  of  the  wheel,  so  that  their  diameter  shaU  have  that 
proportion  which  subsists  between  the  proposed  velocities,  one 
condition  of  the  problem  will  be  fulfilled.  The  rope  coiled 
upon  the  axle  may  be  carried,  by  means  of  one  or  more  fixed 
pulleys,  into  the  direction  of  one  of  the  proposed  motions, 
while  that  which  surrounds  the  wheel  is  carried  into  the 
direction  of  the  other  by  similar  means. 

By  the  wheel  and  axle  a  continued  rectilinear  motion  may 
be  made  to  produce  a  continued  rotatoiy  motion,  or  vice  verfid. 
If  the  power  be  applied  by  a  rope  coiled  upon  the  wheel,  the 
continued  motion  of  the  power  in  a  straight  line  will  cause  the 
machine  to  have  a  rotatory  motion.  Again,  if  the  weight  be 
applied  by  a  rope  coiled  upon  the  axle,  a  power  having  a 
rotatory  motion  applied  to  the  wheel  wiU  cause  the  continued 
ascent  of  the  weight  in  a  straight  line. 

Continued  rectilinear  and  rotatory  motions  may  be  made  to 
produce  each  other,  by  causing  a  toothed  wheel  to  work  in  a 
rack.  Such  an  apparatus  is  represented  in^.  240.  In  some 
cases  the  teeth  of  the. wheel  work  in  the  links  of  a  chain.  The 
wheel  is  then  called  a  rag-wheel  (fig.  241).  Straps,  bands,  or 
ropes  may  communicate  rotation  to  a  wheel,  by  their  friction 
in  a  groove  upon  its  edge. 

A  continued  rectilinear  motion  is  produced  by  a  continued 
circular  motion  in  the  case  of  a  screw.  The  lever  which  turns 
the  screw  has  a  continued  circular  motion,  while  the  screw  itself 
advances  with  a  continued  rectilinear  motion. 

The  continued  rectilinear  motion  of  a  stream  of  water  acting 
upon  a  wheel  produces  continued  circular  motion.  In  like 
manner  the  continued  rectilinear  motion  of  "the  wind  produces  a 
continued  circular  motion  in  the  arms  of  a  windmill. 

Cranes  for  raising  and  lowering  heavy  weights  convert  a 
circular  motion  of  the  power  into  a  continued  rectilinear  motion 
of  the  weight. 
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263.  Reciprocating  rectilinear  motion. — Continued  circu- 
lar motion  may  produce  reciprocating  rectilinear  motion,  by  a 
great  variety  of  ingenious  contrivances. 

Reciprocating  rectilinear  motii^n  is  used  when  heavy  stampers 
are  to  be  raised  to  a  certain  height,  and  allowed  to  fall  upon 
some  object  j)laced  beneath  them.  This  may  be  accomplished 
by  a  wheel  bearing  on  its  edge  curved  teeth,  called  wipers. 
The  stainper  is  furnished  with  a  projecting  arm  or  peg,  beneath 
which  the  wipers  are  successively  brought  by  the  revolution  of 
the  wheel.     As  the  wheel  revplves  the  wiper  raises  the  stamper, 


Fig.  240. 


Fig.  241. 


Fig.  242. 


Fig.  243. 


until  its  extremity  passes  the  extremity  of  the  projecting  arm 
of  the  stamper,  when  the  latter  immediately  falls  by' its  own 
weight.  It  is  then  taken  up  by  the  next  wiper,  and  so  the  pro- 
cess is  continued.  A  similar  effect  is  produced  if  the  wheel  be 
partially  furnished  with  teeth,  and  the  stamper  carry  a  rack 
in  which  these  teeth  work.  Such  an  apparatus  is  represented 
in  fig.  242. 

It  is  sometimes  necessary  that  the  reciprocating  rectilinear 
motion  shall  be  performed  at. a  certain  varying  rate  in  both 
directions.  This  may  be  accomplished  by  the  arrangement  re- 
presented in^.  243.  A  wheel  turns  uniformly  in  the  direction 
of  A  B  D  B.  A  rod  m  n  moves  in  guides,  which  only  permit  it 
to  ascend  and  descend  perpendicularly.  Its  extremity  m  rests 
upon  a  path  or  groove  raised  from  the  face  of  the  wheel,  and 
shaped  into  such  a  curve  that  as  the  wheel  revolves  the  rod  m  n 
shall  be  moved  alternately  in  opposite  directions  through  the 
guides  with  the  required  velocity.  The  manner  in  which  the 
velocity  varies  will  depend  on  the  form  given  to  the  groove  or 
channel  raised  upon  the  face  of  the  wheel,  and  this  may  be 
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shaped  so  as  to  give  any  variation  to  the  motion  of  the  rod  m  n 
which  may  be  required  for  the  purpose  to  which  it  is  to  be 
applied. 

The  rose-engine  in  the  turning-lathe  is  constructed  on  this 
principle.     It  is  also  used  in  spinning  machinery. 

It  is  often  necessary  that  the  rod  to  which  the  reciprocating 
motion  is  communicated  shall  be  urged  by  the  same  force  in 
both  directions.  A  wheel  partially  furnished  with  teeth,  act- 
ing on  two  racks  placed  on  different  sides  of  it,  and  both  con- 
nected with  the  bar  or  rod  to  which  the  reciprocating  motion  is 
to  be  communicated,  will  accomplish  this.  Such  an  apparatus 
is  represented  in  fig.  244,  and  needs  no  further  explanation. 


Fig.  244. 


Fig.  245. 


Fig.  246. 


Another  contrivance  for  the  same  purpose  is  shown  in  fig. 
245,  where  a  is  a  wheel  turned  by  a  winch  h,  and  connected 
with  a  rod  or  beam  moving  in  guides,  by  the  joint  a  h.  As  the 
wheel  A  is  turned  by  the  winch  h,  the  beam  is  moved  between 
the  guides  alternately  in  opposite  directions,  the  extent  of  its 
range  being  governed  by  the  length  of  the  diameter  of  the 
wheel.  Such  an  apparatus  is  used  for  grinding  and  polishing 
plane  surfaces,  and  also  occurs  in  silk  machinery. 

An  apparatus  applied  by  M.  Zureda  in  a  machine  for  prick- 
ing holes  in  leather  is  represented  in  fi>g.  246.  The  wheel  a  b 
has  its  circumference  formed  into  teeth,  the  shape  of  which 
may  be  varied  according  to  the  circumstances  under  which 
it  is  to  be  applied.  One  extremity  of  the  rod  a  h  rests  upon 
the  teeth  of  the  wheel  upon  which  it  is  pressed  by  a  spring  at 
the  other  extremity.  When  the  wheel  revolves  it  communi- 
cates to  this  rod  a  reciprocating  rectilinear  motion. 
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Lcupold  applied  this  mechanism  to  move  the  pistons  of 
pumps.  Upon  the  vertical  axis  of  a  horizontal  hydraulic  wheel 
is  fixed  another  horizontal  wheel,  which  is  furnished  with  seven 
teeth  in  the  manner  of  a  crown  wheel.  These  teeth  are  shaped 
like  inclined  planes,  the  intervals  between  them  being  equal  to 
the  length  of  the  planes.  Projecting  arms  attached  to  the 
piston  rods  rest  upon  the  crown  of  this  wheel ;  and,  as  it  re- 
volves, the  inclined  surfaces  of  the  teeth,  being  forced  under 
the  arm,  raise  the  rod,  upon  the  principle 'of  the  wedge.  To 
diminish  the  obstruction  arising  from  friction,  the  projecting 
arms  of  the  piston  rods  are  provided  with  rollers,  which  run 
upon  the  teeth  of  the  wheel .  In  one  revolution  of  the  wheel 
each  piston  makes  as  many  ascents  and  descents  as  there  are 
teeth. 

264.  Continued  circular  motion. — Wheelwork  furnishes 
numerous  examples  of  continued  circular  motion  round  one 
axis,  producing  continued  circular  motion  round  another.  If 
the  axles  be  in  parallel  directions,  and  not  too  distant,  rotation 
may  be  transmitted  from  one  to  the  other  by  two  spur  wheels 
(Art.  2 1-3) ;  and  the  relative  velocities  may  be  determined  by 
giving  a  corresponding  proportion  to  the  diameter  of  the 
wheels. 

If  a  rotatory  motion  is  to  be  communicated  from  one  axis 
to  another  parallel  to  it,  and  at  any  considerable  distance,  it 
cannot  in  practice  be  accomplished  by  wheels  alone,  for  their 
diameters  would,  in  that  case,  be  too  large.     In  this  case  the 


pd 


Fig.  247. 


Fig.  248. 


motion  is  communicated  from  wheel  to  wheel  by  endless  bands. 
If  the  two  wheels  are  desired  to  turn  in  the  same  direction, 
the  bands  are  placed  as  in  fig,  247.  If  in  contrary  directions, 
they  are  crossed,  as  in^.  248. 

In  this  case,  as  in  toothed  wheels,  the  relative  velocities  are 
determined  by  the  proportion  of  the  diameters  of  the  wheels. 

In  some  cases  it  happens  that  the  strain  upon  the  wheels  is 
too  great  to  allow  of  the  motion  being  transmitted  by  a  band. 
In  such  cases  the  motion  may  be  transmitted  from  one  shaft 
to  the  other  by  means  of    bevelled  wheels.     In  fi^.  249  an 
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arrangement  is  shown  in  which  a  revolving  shaft  imparts  mo- 
tion to  a  series  of  other  shafts,  perpendicular  to  it.  Each  of 
the  latter  might  impart  motion  to  other  shafts,  at  any  con- 
venient distance,  by  like  means. 


Fig.  249. 

In  figs.  250  and  251  another  arrangement  is  shown,  by 
which  a  shaft  w  imparts  motion  to  another  shaft  w',  -by  the 
intervention  of  a  third  shaft  w  \x>  on  which  bevelled  wheels  are 
fixed.  The  velocities  may  in  this  case  be  varied  in  any  desired 
proportion  by  establishing  a  corresponding  relation  between  the 
magnitudes  of  the  wheels. 


Fig.  250. 


Fig.  251. 


The  methods  of  transmitting  rotation  from  an  axis  or  shaft 
to  another  at  right  angles  to  it,  b)'  spur  and  crown  wheels,  and 
by  an  endless  screw  and  a  spur  wheel,  have  been  already  ex- 
plained in  Arts.  214  and  237. 

265.  TTniversal  joint. — The  axis  to  which  rotation  is  to  be 
given,  or  from  which  it  is  to  be  taken,  is  sometimes  variable 
in  its  position.  In  such  cases  an  ingenious  contrivance,  called 
a  wiiversal  joint,  invented  by  the  celebrated  Dr.  Hook,  may 
be  used.  The  two  shafts  or  axles  a  b,  fig.  252,  between 
which  the  motion  is  to  be  communicated,  terminate  in  semi- 
circles, the  diameters  of  which,  c  D  and  e  f,  are  fixed  in 
the  form  of  a  cross,  their  extremities  moving  freely  in  bushes 
placed  in  the  extremities  of  the  semicircles.  Thus,  while  the 
central  cross  remains  unmoved,  the  shaft  a  and  its  semicircular 
end  may  revolve  round  c  d  as  an  axis  ;  and  the  shaft  b  and  its 
semicircular  end  may  revolve  round  £  F  as  an  axis.  If  the 
shaft  A  be  made  to  revolve  without  changing  its  direction,  the 
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points  c  D  will  move  in  a  circle  whose  centre  is  at  the  middle  of 
the  cross.  The  motion  thus  given  to  the  cross  wiU  pause  the 
points  B  F  to  move  in  another  circle  round  the  same  centre,  and 
hence  the  shaft  b  will  be  made  to  resolve. 

This  instrument  will  not  transmit  the  motion  if  the  angle 
under  the  directions  of  the  shafts  be  less  than  140^  In  this 
case  ^  double  joint,  as  represented  in  fig.  253,  will  answer  the 
purpose.  This  consists  of  four  semicircles  united  by  two 
crosses,  and  its  principle  and  operation  are  the  same  as  in  the 
last  case. 


Fig.  252.  Fijf.  253. 

Universal  joints  are  of  great  use  in  adjusting  the  position  of 
large  telescopes,  where,  while  the  observer  continues  to  look 
through  the  tube,  it  is  necessary  to  turn  endless  screws  or 
wheels  whose  axes  are  not  in  an  accessible  position. 

The  cross  is  not  indispensably  necessary  in  the  universal 
joint.  A  hoop,  with  four  pins  projecting  from  it  at  four  points 
equally  distant  from  each  othefj  or  dividing  the  circle  of  the 
hoop  into  four  equal  arches,  will  anbwer  the  purpose.  These 
pins  play  in  the  bushes  of  the  semicircles  in  the  same  manner 
as  those  of  the  cross. 

The  universal  joint  is  much  used  in  cotton-mills,  where 
shafts  are  carried  to  a  considerable  distance  from  the  prime 
mover,  and  great  advantage  is  gained  by  dividing  them  into 
convenient  lengths,  connected  by  a  joint  of  this  kind. 

266.  Alternate  eiroular  motion. — In  the  practical  appli- 
cation of  machinery  it  is  often  necessary  to  connect  a  part 
having  a  continued  circular  motion  with  another  which  has  a 
reciprocating  T)r  alternate  motion,  so  that  either  may  move  the 
other.  There  are  many  contrivances  by  which  this  may  be 
effected. 
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One  of  the  most  remarkable  examples  of  it  is  presented  in 
the  escapements  of  watches  and  clocks. 

A  beam  vibrating  on  an  axis,  and  driven  by  the  piston  of  a 
steam-engine,  or  any  other  power,  may  communicate  rotatory 

motion  to  an  axis  by  a  con- 

i^  ^^  necter  and  a  crank. 

mM^^-  A  wheel  a  {fig.  254)  armed 

f^^^^^iD      %ai^      with  wipers,   acting    upon    a 

r-  -^....]!^'p|g^^  glg^ge-hammer  b,  fixed  upon 

^^^^Tjr        a  centre   or   axle  c,  will,  by 

a  continued  rotatory  motion, 

i:-^iSPl  give  the  hammer  the  recipro- 

^^^'  254-  eating    motion    necessary  for 

the  purposes  to  which  it  is  applied.     The  manner  in  which  this 

acts  must  be  evident  on  inspecting  the  figure. 

The  large  shears  used  in  factories  for  cutting  plates  of  metal 
are  worked  upon  a  similar  principle.  The  lower  edge  of  the 
shears  {fig.  255)  is  fixed,  and  the  upper  movable  upon  a  joint. 
Under  the  extremity  of  the  movable  arm  is  placed  a  wheel,  the 


contour  of  which  has  the  form  shown  in  the  figure.  In, the 
position  there  shown,  the  arm  is  in  its  lowest  position,  and 
therefore  the  blades  of  the  shears  diverge  as  much  as  possible. 
When  the  wheel  turns,  so  as  to  raise  the  movable  arm,  the 
shears  will  be  closed.  In  this  way,  by  the  continual  revolu- 
tion of  the  wheel,  the  shears  will  be  alternately  closed  and 
opened. 

The  treadle  of  the  lathe  furnishes  an  obvious  example  of  a 
vibrating  circular  motion  producing  a  continued  circular  one. 
The  treadle  acts  upon  a  crank,  which  gives  motion  to  the  prin- 
cipal wheel,  in  the  same  manner  as  already  described  in  reference 
to  the  working  beam  and  crank  in  the  steam-engine. 

By  the  following  ingenious    mechanism    an    alternate    or 
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Fig.  256. 


vibrating  force  may  be  made  to  communicate  a  circular  motion 
continually  in  the  same  direction  : — Let  a  b  (fig.  256)  be  an 
axis  receiving  an  alternate  motion  from  some  force  applied  to 
it,  such  as  a  swinging  weight.  Two  ratchet  wheels  m  and  n 
are  fixed  on  this  axle,  their  teeth  being  inclined  in  opposite 
directions.  Two  toothed  wheels,  c  and  d,  are  likewise  placed 
upon  it,  but  so  arranged  that  they  turn  upon  the  axle  with  a 
little  friction.  These  wheels  carry  two  catches  op,  which  fall 
into  the  teeth  of  the  ratchet  . 
wheels  m  n,  but  fall  on  opposite 
sides  conformably  to  the  inclina- 
tion of  the  teeth  already  men- 
tioned. The  eflfect  of  these  catch- 
es is,  that  if  the  axis  be  made 
to  revolve  in  one  direction,  one 
of.  the  two  toothed  wheels  is 
always  compelled  (by  the  catch 
against  which  the  motion  is  di- 
rected) to  revolve  with  it,  while  the  other  is  permitted  to 
remain  stationary  in  obedience  to  any  force  sufficiently  great  to 
overcome  its  friction  with  the  axle  on  which  it  is  placed.  The 
wheels  0  and  D  are  both  engaged  by  bevelled  teeth  with  the 
wheel  E. 

According  to  this  arrangement,  in  whichever  direction  the 
axis  A  B  is  made  to  revolve,  the  wheel  b  will  continually  turn  in 
the  same  direction ;  and  therefore,  if  the  axle  A  b  be  made  to 
turn  alternately  in  the  one  direction  and  the  other,  the  wheel 
B  will  not  change  the  direction  of  its  motion.  Let  us  suppose 
the  axle  a  b  is  turned  against  the  catch  p.  The  wheel  c  will 
then  be  made  to  turn  with  the  axle.  This  will  drive  the  wheel 
B  in  the  same  direction.  The  teeth  on  the  opposite  side  of  the 
wheel  E  being  engaged  with  those  of  the  wheel  D,  the  latter  will 
be  turned  upon  the  axle ;  the  friction,  which  alone  resists  its 
motion  in  that  direction,  being  overcome.  Let  the  motion  of 
the  axle  a  b  be  now  reversed.  Since  the  teeth  of  the  ratchet 
wheel  n  are  moved  against  the  catch  0,  the  wheel  d  will  be 
compelled  to  revolve  with  the  axle.  The  wheel  b  will  be  driven 
in  the  same  direction  as  before,  and  the  wheel  c  wiU  be  moved 
on  the  axle  a  b,  and  in  a  contrary  direction  to  the  motion  of  the 
axle,  the  friction  being  overcome  by  the  force  of  the  wheel  b. 
Thus,  while  the  a3de  a  b  is  turned  alternately  in  the  one  direc- 
tion and  the  other,  the  wheel  e  is  constantly  moved  in  the  same 
direction. 

It  is  evident  that  the  direction  in  which  the  wheel  B  moves 
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may  be  reversed  by  changing  the  position  of  the  ratchet  wheels 
and  catches. 

It  is  often  necessary  to  communicate  an  alternate  circular 
motion,  like  that  of  a  pendulum,  by  means  of  an  alternate 
n^otion  in  a  straight  line.  A  remarkable  instance  of  this  occurs 
in  the  steam-engine.  The  moving  force  in  this  machine  is  the 
pressure  .of  steam,  which  impels  a  piston  from  end  to  end  alter- 
nately in  a  cylinder.  The  force  of  this  piston  is  communicated 
to  the  working  beam  by  a  strong  rod,  which  passes  through  a 
collar  in  one  end  of  the  piston.  Since  it  is  necessary  that  the 
steam  included  in  the  cylinder  should  not  escape  between  the 
piston  rod  and  the  collar  through  which  it  moves,  and  yet  that 
it  should  move  as  freely  and  be  subject  to  as  little  resistance  as 
possible,  the  rod  is  turned  so  as  to  be  truly  cylindrical,  and  is 
well  polished.  It  is  evident  that,  under  these  circumstances,  it 
must  not  be  subject  to  any  lateral  or  cross  strain,  which  would 
bend  it  towards  one  side  or  the  other  of  the  cylinder.  But  the 
end  of  the  beam  to  which  it  communicates  motion,  if  connected 
immediately  with  the  rod  by  a  joint,  would  draw  it  alternately 
to  the  one  side  and  the  other,  since  it  moves  in  the  arc  of  a 
circle,  the  centre  of  which  is  at  the  centre  of  the  beam.  It  is 
uecessar}',  therefore,  to  contrive  some 
method  of  connecting  the  rod  and  the  end 
of  the  beam,  so  that  while  the  one  shall, 
ascend  and  descend  in  a  straight  line,  the 
other  may  move  in  the  circular  arc 

The  method  which  first  suggests  itself 
to  accomplish  this  is,  to  construct  an  arch- 
head  upon  the  end  of  the  beam,  as  in  fi^, 
257.  Let  c  be  the  centre  on  which  the 
beam  works,  and  let  B  d  be  anarch  attached 
to  the  end  of  the  beam,  being  a  part  of  a 
Fig.  257.  circle  having  c  for  its  centre.      To  the 

highest  point  b  of  the  arch  a  chain  is  at- 
tached, which  is  carried  upon  the  face  of  the  arch  B  a,  and 
the  other  end  of  which  is  attached  to  the  piston-rod.  Under 
these  circumstances  it  is  evident  that  when  the  force  of  the 
steam  impels  the  piston  downwards,  the  chain  p  a  b  will  draw 
the  end  of  the  beam  down,  and  will,  therefore,  elevate  the 
other  end. 

When  the  steam-engine  is  used  for  certain  purposes,  such  as 
pumping,  this  arrangement  is  sufficient.  The  piston  in  that 
case  is  not  forced  upwards  by  the  pressure  of  steam.  During 
its  ascent  it  is  not  subject  to  the  action  of  any  force  of  steam, 
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and  the  other  end  of  the  beam  falls  by  the  weight  of  the  pump- 
rods  drawing  the  piston  at  the  opposite  end,  a,  to  the  top  of 
the  cylinder.  Thus  the  machine  is,  in  fact,  passive  during  the 
ascent  of  the  piston,  and  exerts  its  power  only  during  the 
descent. 

If  the  machine,  however,  be  applied  to  purposes  in  which  a 
constant  action  of  the  moving  force  is  necessary,  as  is  always 
the  case  in  manufactures,  the  force  of  the  piston  must  drive  the 
beam  in  its  ascent  as  well  as  in  its  descent.  The  arrangement 
just  described  cannot  effect  this  ;  for  although  a  chain  is  capable 
of  transmitting  any  force  by  which  its  extremities  are  drawn  in 
opposite  directions,  yet  it  is,  from  its  flexibility,  incapable  of 
communicating  a  force  which  drives  one  extremity  of  it  towards 
the  other.  In  the  one  case  the  piston  first  pulls  down  the  beam, 
and  then  the  beam  p^dh  up  the  piston.  The  chain,  because  it 
is  inextensible,  is  perfectly  capable  of  both  these  actions  ;  and, 
being  flexible,  it  applies  itself  to  the  arch-head  of  the  beam,  so 
as  to  maintain  the  direction  of  its  force  upon  the  piston  con- 
tinually in  the  same  straight  line.  But  when  the  piston  acts 
upon  the  beam  in  both  ways,  in  pulling  it  down  and  pushing  it 
up,  the  chain  becomes  ineflScient,  being,  from  its  flexibility, 
incapable  of  the  latter  action. 


j?ig.  259. 

The  problem  might  be  solved  by  extending  the  length  of  the 
piston-rod,  so  that  its  extremity  shall  be  above  the  beam,  and 
using  two  chains ;  one  connecting  the  highest  point  of  the  rod 
with  the  lowest  point  of  the  arch-head,  and  the  other  connecting 
the  highest  point  of  the  arch-head  with  a  point  on  the  rod  below 
the  point  which  meets  the  arch-head  when  the  piston  is  at  the 
top  of  the  cylinder,  fig,  258. 

The  connection  required  may  also  be  made  by  arming  the 
arch-head  with  teeth,  fig,  259,  and  causing  the  piston-rod  to 


Digitized 


by  Google 


298  THEORY  OF  MACHINERY. 

terminate  in  a  rack.  In  cases  where,  as  in  the  steam-engine, 
smoothness  of  motion  is  essential,  this  method  is  objectionable ; 
and  under  any  circumstances  such  an  apparatus  is  liable  to  rapid 
wear. 

The  method  contrived  by  Watt,  for  connecting  the  motion 
of  the  piston  with  that  of  the  beam,  is  one  of  the  most  ingenious 
and  elegant  solutioils  ever  proposed  for  a  mechanical  problem. 
He  conceived  the  notion  of  two  straight  rods,  a  b,  c  d,  fig,  260, 
moving  on  centres  or  pivots  a  and  o,  so  that  the  extremities  b 

and  D  would  move  in  the  arcs  of 

£  circles  having  their  ^centres  at  a 

^  •..,        ,      and  c.     The  extremities  b  and  d 

of  these  rods  he  conceived  to  be 

connected  with   a  third  rod  b  i» 

united  with  them  by  pivots  on 

■5  Y  which  it  could  turn  freely.      To 

the  system  of  rods  thus  connected 

'*' -'f^  let  an  alternate  motion  on  the 

centres  a  and  o  be  communicated ;  - 
J  ip',  260 

the  points  B  and  d  will  move  up- 
wards and  downwards  in  the  arcs  expressed  by  the  dotted 
lines,  but  the  middle  point  p  of  the  connecting  rod  b  d  will 
move  upwards  and  downwards  without  any  sensible  deviation 
from  a  straight  line. 

To  prove  this  demonstratively  would  require  some  elaborate 
mathematical  investigation.  It  may,  however,  be  rendered  in 
some  degree  apparent  by  reasoning  of  a  brief  and  more  obvious 
nature.  As  the  point  B  is  raised  to  £  it  is  also  drawn  aside 
towards  the  right.  At  the  same  time  the  other  extremity  d  of 
the  rod  B  D  is  raised  to  e',  and  is  drawn  aside  towards  the  left. 
The  ends  of  the  rod  B  d  being  thus  at  the  same  time  drawn 
equally  towards  opposite  sides,  its  middle  point  p  will  suffer  no 
lateral  derangement,  and  will  move  directly  upwards.  On  the 
other  hand,  if  b  be  moved  downwards  to  i',  it  will  be  drawn 
laterally  to  the  right ;  while  D  being  moved  to  f'  will  be  drawn 
to  the  left.  Hence,  as  before,  the  middle  point  p  sustains  no 
lateral  derangement,  but  merely  descends.  Thus,  as  the  ex- 
tremities b  and  D  move  upwards  and  downwards  in  circles, 
the  middle  point  p  moves  upwards  and  downwards  in  a  straight 
line. 

An  elegant  contrivance,  by  which  a  continued  motion  of 
rotation  can  be  made  to  produce  a  reciprocating  rectilinear 
motion,  is  shown  in^^.  261,  where  a  wheel  a  b  is  surrounded 
on  the  inside  with  teeth,   and  a  wheel  c  of  half  the  diameter 
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revolves  within  it ;  the  wheel  A  B   being  fixed.     While  the 

centre  of  c  moves  in  a  circle  round  the  centre  of  a  b,  any  point 

taken  on  the  circumference  of  0  will  move  alternately  across  a  b, 

in  the  direction  of  one  of  its 

diameters.    Thus,  that  point 

of  c  which,  in  the  figure,  is 

at  the  highest  point  of  A  b, 

will  move  along  the  vertical 

diameter  of  a  b,  to  the  lowest 

point,  while  c  rolls  over  half   A 

the  circumference   of   a  B  ; 

and  the  same  point  will  again 

traverse    the    same   vertical 

diameter   of   a   B    upwards, 

while  the  wheel  0  rolls  over 

the  other  semicircle  of  a  b. 

Another  method  of   pro-  ig-  2  i. 

ducing  a  reciprocating  rectilinear  motion  by  a  reciprocating 
circular  motion  is  shown  in  fig.  262.  The  beam  a  b  vibrates 
on  the  centre  c,  and  a  cord  applies  itseK  to  a  groovy  in  the 
semicircular  arch  D  b  F.  This  cord  is  extended  over  the 
grooves  of  two  fixed  rollers  m  n  ;  it  is  evident  that  as  the  beam 
A  B  vibrates,  any  point  l  upon  the  cord,  between  m  n,  will  move 
alternately  right  and  left  in  a  straight  line. 


Fig.  262.  Fig.  263. 

By  the  arrangement  shown  in  fi^,  263  the  alternate  circular 
motion  of  the  unequal  toothed  sectors  will  impart  reciprocating 
rectilinear  motions  to  two  racks.  These  motions  will  be  un- 
equal, and  will  be  in  the  same  ratio  as  the  radii  of  the  two 
circles. 

By  a  mechanical  contrivance  represented  in  fi^.  264,  called 
the  lever  of  La  Garousse,  a  reciprocating  circular  motion  is 
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made  to  produce  an  intermitting  rectilinear  motion.  The  lever 
A  B  vibrates  on  the  centre  c,  the  arm  which  ascends  drawing  up 
one  of  the  hooks  e,  while  the  arm  which  descends  passes  the 
other  hook  b'  from  one  tooth  to  another  of  the  vertical  beam  f  g. 
By  the  continuance  of  this  operation,  the  beam  f  g  is  elevated 
by  an  intermitting  motion. 

^  In  fig.  265  an  expedient  is  represented  by  which  a  similar 
efl'ect  is  produced  upon  a  wheel  m  n.-    A  lever  a  b  vibrates  on  a 


Fig.  264.  '        Fig.  265. 

centre  c,  wliile  two  aniis  d  and  e  extend  from  it,  and  act  upon 
pins  projecting  from  the  wheel  M  N.  The  arms  d  and  e  are 
thus  alternately  pushed  forwards  and  drawn  backwards :  that 
which  is  pushed  forwards  drives  before  it  one  of  the  pins, 
and  that  which  is  drawn  backwards  falls  from  one  pin  to  the 
other. 

267.  Joints. — Tt  frequently  happens  in  mechanical  combina- 
tions that  it  is  required  to  make  temporary  connections  between 
separate  parts,  or  so  to  unite  them  together  that  they  shall 
admit  of  having  their  relative  position  changed  at  pleasure.  In 
some  cases  one,  and  in  others  both,  of  the  parts  thus  connected 
are  susceptible  of  receiving  motions  more  or  less  limited  in  their 
direction.  In  some  cases  the  motion  of  one  part  necessarily 
produces  some  corresponding  motion  in  the  other ;  and  in  others 
the  motion  of  one  is  quite  independent  of  the  other,  which  may 
be  fixed.  The  class  of  contrivances  which  fulfil  these  purposes 
are  called  joints. 

The  universal  joint  already  explained  belongs  to  this  class. 
One  of  the  arms  thus  connected  may  be  inclined  to  the  other  in 
almost  any  direction  whatever,  when  the  joint  is  constructed  as 
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in  fig.  253.  But  in  thus  changing  its  direction  no  corresponding 
motion  is  imparted  to  the  other  arm.  If,  however,  a  twisting 
or  rotatory  motion  round  its  own  longitudinal  axis  be  given  to 
either  arm,  a  corresponding  rotatory  motion  round  its  longitu- 
dinal axis  ^ill  be  imparted  to  the  other.  In  this  manner,  for 
example,  a  screw  may  be  turned  by  a  twisting  motion  given  to 
an  arm  having  a  direction  inclined  at  any  angle  to  the  longitu- 
dinal axis  of  the  screw. 

268.  Gimbals. — This  is  a  mechanical  contrivance,  which 
bears  a  close  relation  to  the  universal  joint.  An  example  of  it, 
familiar  to  everyone,  is  presented  by  the  apparatus  for  suspend- 
ing a  ship's  compass  (fi^.  266).  The  object  is  to  keep  the 
suspended  body  vertical,  whatever  be  the  derangements  to  which 
the  points  of  suspension  are  liable. 

A  brass  hoop  is  supported  by  two  pins,  projecting  from  points 
of  its  external  surface  which  are  diametrically  opposed  to  each 


Fig.  266. 

other.  Another  brass  hoop  is  supported  within  the  former,  also 
by  two  pins  projecting  from  points  of  its  external  surface,  dia- 
metrically opposed  one  to  the  other,  which  play  in  two  holes 
made  in  the  former  hoop  at  the  extremities  of  that  diameter, 
which  is  at  right  angles  to  the  diameter  at  the  extremities  of 
which  the  first  points  of  support  are  placed. 

A  similar  mode  of  suspension  is  applied  to  the  marine 
barometer. 

269.  Ball  and  socket. — The  joint  thus  called  has  some,  but 
not  all,  of  the  qualities  of  the  universal  joint.  The  extremity 
of  one  of  the  arms  is  attached  to  a  solid  ball  of  metal,  and  that 
of  the  other  to  a  hollow  ball,  the  internal  diameter  of  which  is 
equal  to  the  diameter  of  the  solid  ball.  If  one  of  these  balls 
were,  contained  within  the  other,  the  arm  of  the  solid  ball 
passing  through  a  hole  made  to  tit  it  in  that  of  the  hollow  ball, 
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the  two  arms  would  be  incapable  of  any  change  whatever  in 
their  relative  position,  and  the  joint  so  formed  would  form  a 
rigid  and  invariable  connection.  But  if  the  hole  in  the  hollow 
ball,  through  which  the  arm  of  the  solid  ball  passes,  be  much 
larger  than  the  arm,  as  shown  in  fig.  267,  then  the  arm  will  have 
a  certain  play,  the  solid  ball  moving  within  the  hollow  ball,  and 


Fig.  267.  Fig.  268. 

the  extent  of  such  play  would  obviously  depend  on  the  magni- 
tude of  the  opening.  A  joint  thus  constructed  is  that  which  is 
called  the  hall  and  socket  joint. 

This  joint  is  represented  in  fi^,  268. 

It  is  evident  that  the  inclination  which  can  be  given  to  the 
arms  will  be  limited  by  half  the  circumference  of  a  section  of  the 
socket. 

The  greatest  play  which  such  a  joint  can  have  will  be  pro- 
duced when  the  socket  exceeds  an  exact  hemisphere  by  just 
enough  to  enable  it  to  retain  the  ball  within  it ;  and  it  follows, 
therefore,  that  the  angle  under  the  arms  thus  connected,  when 
they  are  most  inclined,  will  be  a  little  greater  than  90°. 

If  either  can  be  fixed,  the  play  of  the  other  will  be  limited 
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by  the  directions  of  the  sides  of  a  cone  whose  vertex  is  at  the 
centre  of  the  ball,  and  whose  base  is  limited  by  the  part  of  the 
baU  left  uncovered  by  the  socket. 

The  arms  connected  by  this  joint  are  moved  independently 
of  each  other.  Either  may  be  turned  round  its  longitudinal 
axis,  without  imparting  a  corresponding  motion  to  the  other. 

The  socket  is  usually  made  of  such  a  magnitude  that  the  ball 
moVes  in  it  with  a  certain  degree  of  friction  suflScient  to  retain 
the  arms  in  whatever  position  may  be  given  to  them. 

270.  Cradle  joint. — By  this  joint  either  arm  connected  is 
allowed  to  move  in  a  given  plane  round  the  other  arm.  The 
joint  is  usually  formed  by  a  pin  passing  through  the  centre  of 
circular  discs  of  metal  formed  at  the  end  of  the  arms,  having 
equal  diameters,  and  placed  concentrically  face  to  ihce  ;  some- 
times, one  such  disc  is  attached  to  one  arm  passing  between  two, 
which  are  attached  to  the  other ;  such  a  joint  is  represented 
in^g.  269. 

It  is  by  a  joint  of  this  kind  that  the  legs  of  compasses  are 
connected. 

271.  Blngre. — This  is,  in  fact,  a  variety  of  the  cradle  joint. 
Its  construction  is  rendered  so  familiar  by  the  lids  of  boxes, 
and  the  suspension  of  doors,  that  it  will 

not  require  further  explanation. 

772.  Trunnions. —  The  method  of 
supporting  heavy  bodies,  which  require 
to  be  freely  movable  in  a  vertical  plane, 
thus  denominated,  consists  of  two  strong 
cylindrical  pins,  projecting  from  its 
sides,  which  rest  in  semi-cylindrical 
grooves  formed  at  equal  heights,  in  two 
pillars,  so  that  a  line,  connecting  the 
trunnions,  shall  be  horizontal.  A  body 
-thus  supported  will  be  free  to  assume 
every  possible  direction,  in  a  vertical 
plane  at  right  angles  to  the  line  joining 
the  supports  of  the  trunnions. 

273.  Axles. — These  are,  in  general,  ' 

the  centres  round  which  wheels  revolve  ;  but  the  wheels  may 
either  turn  upon  or  with  the  axles. 

The  wheels  of  ordinary  carriages  turn  upon  their  axles,  the 
axles  being  strong  iron  bars,  extending  horizontally  and  trans- 
versely under  the  body  of  the  vehicle.  Their  extremities,  which 
pass  through  the  centre  of  the  wheels,  have  a  cylindrical  or 
slightly  conical  form.     The  centre  part  of  the  wheel  in  which 
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the  spokes  are  inserted  is  called  the  nave,  and  the  central  part 
within  it,  into  which  the  extremity  of  the  axle  passes,  is  caUed 
the  box.  The  inner  surface  of  the  box  has  a  form  correspond- 
ing to  that  of  the  axle,  but  is  a  little  larger,  so  as  to  admit  the 
play  of  some  lubricating  fluid  between  them,  by  the  interposi- 
tion of  which  the  actual  contact  of  the  metallic  surfaces  of  the 
axle  and  the  box  is  prevented,  no  matter  what  be  the  pressure 
by  which  they  are  urged  one  against  the  other. 

In  railway  carriages  the  wheels  and  axle  form  one  solid 
piece  ;  the  cylindrical  or  conical  extremities  of  the  axle  project 
outside  the  wheels,  and  certain  parts  called  bearings  rest  upon 
them.  In  this  case,  therefore,  the  extremities  of  the  axle  re- 
volve with  the  wheels  under  the  bearings.  Reservoirs  of  lubri- 
cating matter,  called  the  grease  boxes,  are  placed  immediately 
over  the  axles,  by  which  the  grease  is  let  continually  down  upon 
the  axles. 

274.  Telescope  joint. — This  mode  of  connection,  which  is 
of  very  extensive  use  in  mechanics,  is  rendered  familiar  to  every- 
one by  the  manner  in  which  the  tubes  of  telescopes  and  opera- 
glasses  are  adjusted.  It  is  used,  in  general,  where  a  rod  or  piUar 
requires  to  have  its  length  varied  occasionally,  according  to  the 
circumstances  in  which  it  is  used. 
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Fig.  270.  Fig.  271. 

275.  Bayonet  joint. — The  joint  thus  called  takes  its  name 
from  the  simple  and  well-known  mechanical  contrivance  by  which 
the  handle  of  a  bayonet  is  fastened  on  the  end  of  a  musket 
barrel.  Its  simplicity  and  efficiency  have  rendered  it  of  exten- 
sive use  in  practical  mechanics.  As  in  the  telescope  joint,  one 
tube  passes  witliin  another  ;  but  in  this  case  they  are  held  in  a 
fixed  position  by  means  of  a  pin  which  projects  from  the  inner 
tube,  and  passes  through  a  rectangular  opening  in  the  outer 
tube. 

Fig.  270  represents  the  position  Qf  the  pin  when  the  inner 
tube  is  pressed  into  the  outer,  until  the  pin  comes  against  the 
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edge  of  the  opening  and  stops  its  further  progress.  In  this 
position,  however,  the  inner  tube  might  be  detached  from  the 
outer  by  any  force  tending  to  draw  it  out.  To  prevent  this, 
it  is  turned  round  its  axis,  until  the  pin  enters  the  rectangular 
opening  in  the  outer  tube,  as  shown  in  fig.  271.  It  cannot  be 
detached  then  without  two  successive  motions  being  given  to 
it  ;  one  round,  and  the  other  parallel  to  the  axis  of  the  tube. 

276.  Clamps  and  adjustinir  scpews. — When  parts  of  me- 
chanism usually  separated  require  to  be  temporarily  connected, 
the  object  is  attained  by  clamps,  which  are  made  in  an  infinite 
variety  of  forms,  according  to  the  circum- 
stances in  which  they  are  applied.     An  ex- 
ample-of  this  class  of  contrivances  is  shown 
in  fi>g,    272.     The  ends  of  the  parts  to  be 
united  being  placed  one  upon  the  other,  are 
introduced    into    the    rectangular    opening 
shown  in  the  figure,  and  the  screw  is  then 
turned  until  it  urges  them  by  a  pressure  t^.  3^2. 
Biifiiciently  strong  to  hold  them  together. 

277.  Couplings. — In  the  practical  operation  of  machinery 
it  is  frequently  necessary  to  be  enabled  to  suspend  at  pleasure, 
or  to  recommence,  the  motion  of  a  wheel  or  wheels.  This  is 
accomplished  by  a  class  of  contrivances  called  cmt/plmgs. 

When  the  motion  of  a  wheel  is  imparted  to  another  by 
an  endless  band  of  leather  stretched  tightly  round  them,  the 
motion  can  be  suspended  or  resumed,  at  pleasure,  by  making 
the  band  loose,  and  giving  it  the  requisite  tightness  by  pressing 
upon  it  a  roller  at  any  intermediate  point  between  the  wheels  ; 
so  long  as  the  pressure  of  the  roller  is  maintained,  the  rotation 
of  one  wheel  will  be  imparted  to  the  other  ;  but  the  moment 
the  roller  is  removed,  the  communication  of  the  motion  will  be 
suspended. 

In  some  cases  the  communication  of  the  motion  is  discon- 
tinued or  altered  by  removing  the  band  from  one  or  other  of 
the  wheels  by  latend  pressure.  By  this  expedient  the  velocity 
of  the  motion  imparted  may  be  modified.  Thus,  if  several 
wheels  be  fixed  side  by  side,  on  the  same  axis,  having  different 
diameters,  the  strap  may  be  shifted  from  one  to  another,  the 
velocity  of  rotation  imparted  being  increased  in  the  same  pro- 
portion as  the  diameter  of  the  wheel  receiving  the  motion  is 
diminished. 

Couplings  are  sometimes  constructed  by  providing  two  wheels 
upon  the  same  shaft,  one  turning  upon  and  the  other  with  the 
shaft.     Let  us  suppose  that  the  moving  power  keeps  the  wheel 
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whicll  turns  upon  the  shaft  constantly  in  revolution,  but  does 
not  act  upon  that  which  turns  with  the  shaft.  In  that  case,  it 
is  evident  that  no  rotation  would  be  imparted  to  the  shaft.  Now 
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Fig.  273. 


let  US  suppose  that  the  wheel  w  w  {fig,  273)  is  that  which  turns 
upon  the  shaft,  that  attached  to  it  is  a  collar  c  embraced  by  a 
fork  F  at  the  end  of  a  lever  l,  that  the  wheel  with  the  collar  is 
capable  of  sliding  longitudinally  on  the  shafts,  and  that  its  sur- 
face towards  s'  is  cut  into  a  sort  of  angular  teeth  corresponding 
with  similar  ones  formed  in  the  face  of  the  wheel  V  w",  which 
turns  with  the  axle.  When,  by  means  of  the  lever  l  and  the 
fork  F,  the  wheel  w  w  is  moved  towards  the  wheel  V  V,  so  that 

the  teeth  are  inserted  the  one 
within  the  other,  the  two  wheels 
thus  forming  a  single  one,  the 
wheel  w  w  will  impart  its  motion 
to  w'  w'',  and  therefore  to  the 
shaft  s  s'. 

On  the  contrary,  when  it  is 
desired  to  suspend  the  motion 
of  the  shaft,  the  wheel  w  w  is 
drawn  by  the  lever  L  f  towards 
s,  and  disengaged  from  w^  w'. 

A  coupling  by  which  the  ro- 
tation of  a  shaft  c&n  be  sus- 
pended or  reversed  at  pleasure 
is  shown  in  fig.  274,  where  w 
and  w'  are  two  bevelled  wheels, 
both  driven  by  a  third  bevelled 
wheel  B,  and  therefore  made  to  revolve  in  contrary  directions. 
Let  us  suppose  that  these  wheels  w  and  w'  turn  upon  the  shaft 


Fig.  274. 
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s  s",  and  carry  at  their  centres  two  small  wheels  n  n',  the  faces 
of  which  are  cut  into  angular  teeth  ;  let  m  be  two  similar  wheels 
similarly  cut,  presenting  their  opposite  faces  towards  those  of 
N  n'  ;  let  these  wheels  m  revolve  with  the  shaft,  but  so  as  to  be 
capable  of  sliding  upon  it ;  let  the  fork  f,  of  the  lever  L  f,  em- 
brace between  its  prongs  the  collar  m.  By  pressing  this  lever 
in  the  one  direction  or  the  other,  the  wheels  m  may  be  coupled, 
either  with  n  or  n',  so  as  to  revolve  with  them,  and  thus  impart 
to  the  shaft  s  s'  a  motion  in  the  one  direction  or  the  other. 

If  the  lever  L  v  be  kept  in  the  vertical  position,  the  wheels 
If  not  being  connected  with  either  N  or  n',  the  motion  will  be 
suspended. 

Another  method  of  coupling  is  represented  in.  fig.  275,  where 


Fig.  275. 

the  wheel  w  w  has  two  or  more  holes  in  it,  corresponding  with 
pins  projecting  from  w'  w^ ;  the  former  revolves  loith  and  the 
latter  upon  the  axle  ;  the  wheel  w  w  slides  upon  the  axle,  so 
that  when  pressed  towards  w'  w'  the  pins  enter  the  holes  and 
the  wheel  w^  w'  revolves  with  w  w. 


CHAPTER  XVII. 

KESTSTING     FORCES. 


278.  Resisting  forces. — A  physical  agent  capable  of  imparting 
motion  to  a  quiescent  body  is  called  a  force.  It  is  evident  that 
such  an  agent  would  also  be  capable  of  increasing  the  velocity 
of  a  body  already  in  motion  if  it  were  applied  in  the  direction 
of  the  motion,  or  diminishing  the  velocity,  or  even  altogether 
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destroying  the  motion,  and  bringing  the  body  to  rest,  if  it  were 
applied  in  an  opposite  direction. 

This  principle  is  not,  however,  convertible  :  although  it  fol- 
lows that  an  agent  capable  of  imparting  motion  is  also  capable 
of  diminishing  or  destroying  it,  it  does  not  follow  that  an  agent 
capable  of  diminishing  or  destroying  motion  is  also  capable  of 
imparting  or  increasing  it. 

Forces  of  the  class  to  which  we  now  refer  are  capable  of 
diminishing  the  velocity  of  a  body  in  motion,  and  of  bringing  it 
to  rest,  but  they  kre  incapable  of  imparting  motion  to  a  body  at 
rest,  or  of  augmenting  any  motion  it  may  have.  The  former 
class  of  forces,  which  are  capable  of  producing  or  increasing 
motion,  may  be  described  for  distinction  &&(ictive  forces,  and  the 
latter  as  passive  forces. 

The  force  of  gravity,  for  example,  comes  under  the  former 
class.  A  body  freely  suspended,  being  disengaged  and  sub- 
mitted to  the  action  of  gravity,  is  put  in  motion,  and  its  motion 
is  continually  accelerated  as  it  moves  downwards,  until  it  en- 
counters some  obstacle  wliich  brings  it  to  rest. 

If  the  same  body  be  projected  upwards  with  the  velocity 
with  which  it  strikes  the  ground,  the  force  of  gravity  will  then 
gradually  diminish  its  motion  until  it  rises  to  the  height  from 
which  it  fell,  where  its  motion  will  altogether  be  destroyed. 

Of  the  passive  or  resisting  forces,  the  most  important  are 
friction  and  the  resistance  of  fluid  media,  such  as  air  or  water. 
All  bodies  moving  at  or  near  the  surface  of  the  earth  are  subject 
to  some,  or  all,  of  these  forces,  and,  consequently,  all  terrestrial 
motions  whatever  are  liable  to  constant  retardation  ;  and,  to  be 
maintained,  require  the  constant  agency  of  some  impelling  force 
to  repair  the  loss  produced  by  the  resisting  forces  to  which  they 
are  exposed. 

The  smallest  attention  to  the  phenomena  which  form  the 
subject  of  mechanical  inquiries  will  render  manifest  the  great 
importance  of  investigating  and  comprehending  the  effects  of 
resisting  forces. 

In  the  preceding  part  of  this  volume  the  construction  and 
properties  of  machinery  have  been  explained,  on  the  supposition 
that  the  moving  force  of  the  power  is  transmitted  to  the  work- 
ing point  with  undiminished  effect.  In  order  to  disembarrass 
the  questions  of  their  complexity,  and  present  them  in  the  most 
simple  and  intelligible  form,  machines  have  been  considered  as 
absolutely  free  from  the  effects  of  all  resisting  forces  ;  surfaces 
moving  in  contact  have  been  considered  to  be  perfectly  free 
from  friction;  axles  were  regarded  as  mathematical  lines  ;  pivots 
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as  mathematical  points ;  ropes  as  perfectly  flexible  ;  and,  in  a 
word,  the  effect  of  the  moving  power  has  been  considered  as 
absolutely  undiminished  by  any  resistance  whatever,  in  its 
transmission  through  the  machinery  to  the  working  point. 

It  is  scarcely  needful  to  observe,  that  none  of  these  supposi- 
tions are  really  true.  The  surfaces  of  the  machinery' which 
move  in  contact  are  never  perfectly  smooth  ;  axles  have  always 
definite  thickness,  and  move  in  sockets  never  perfectly  polished  ; 
ropes  have  considerable  rigidity,  and  this  rigidity  is  necessarily 
greater  in  proportion  to  their  strength.  Much  has  been  accom- 
plished, it  is  true,  by  a  variety  of  expedients,  to  diminish  these 
resistances  ;  highly  polished  surfaces  and  effective  lubricants 
have  been  applied  to  obtain  additional  smoothness ;  but  still 
the  surfaces  in  contact  continue  to  be  studded  with  small  aspe- 
rities, which,  coining  constantly  in  opposition  to  each  other  in 
their  motion,  produce  considerable  resistance,  and,  robbing  the 
moving  power  of  a  great  part  of  its  efficacy,  transmit  it  with 
proportionally  diminished  intensity  to  the  working  point. 

To  estimate,  therefore,  correctly  the  practical  effects  of  any 
machinery,  it  is  essential  that  we  should  calculate  the  effect  of 
this  resistance,  and  deduct  it  from  that  effect  of  the  power 
which  has  been  computed  on  the  theoretical  principles  estab- 
lished in  the  preceding  chapters  ;  the  residue  of  effect  after  this 
deduction  is  all  that  part  of  the  power  which  can  be  regarded  as 
practically  available. 

279.  Frtetlon. — The  effect  of  friction  on  a  power  supporting 
a  weight  or  resistance  at  rest  is  different  from  its  effect  when  the 
weight  or  resistance  is  moved.  In  the  one  case,  friction  assists ; 
in  the  other,  it  opposes  the  power. 

Let  us  suppose,  for  example,  a  power  p  supporting  a  weight 
w,  by  means  of  a  single  movable  pulley.  From  what|  has  been 
already  proved,  it  is  evident  that  if  the  power  p  be  half  the 
weight  of  w,  they  would  be  in  equilibrium,  and  the  power  would 
keep  the  weight  at  rest  if  the  pulley  were  subject  to  no  friction ; 
and  in  that  case  the  slightest  diminution  of  the  power  would 
cause  the  weight  to  descend,  and  draw  the  power  upwards.  But 
if  the  pulley  be  subject,  as  it  always  is  in  practice,  to  friction, 
then  a  small  diminution  of  the  power  will  be  resisted  by  this 
friction,  and  the  weight  will  not  overcome  the  power  and 
descend  until  the  diminution  of  the  power  shall  become  so 
great  as  to  enable  the  weight  to  overcome  the  friction. 

It  follows,  therefore,  that  when  a  pulley  or  any  other  machine 
is  subject  to  friction,  a  less  power  is  sufficient  to  support  a  weight 
at  rest  than  would  be  necessary  if  there  were  no  friction  ;  and 
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the  greater  the  friction  is,  the  leas  will  be  the  power  necessary 
to  support  the  weight.  It  is  in  this  case  that  friction  is  said  to 
aid  the  power,  when  the  weight  or  resistance  is  supported  at  rest. 
But  if  the  power  be  required,  not  merely  to  support  the  weight, 
but  to  raise  it,  then  we  shall  find  that  the  friction,  instead  of 
aiding^opposes  the  power. 

Let  us  suppose,  for  example,  the  power  p  acting  on  the 
weight  through  the  intervention  of  a  single  movable  pulley,  the 
poyver  being  half  the  weight.  In  the  absence  of  friction,  the 
slightest  addition  to  the  power  will  cause  it  to  descend,  and  to 
raise  the  weight;  but  when  the  machine  is  subject  to  friction,  then 
the  power  will  not  descend  until  it  shall  receive  such  an  addition 
as  will  be  sufiBcient  to  overcome  the  friction. 

This  circumstance  modifies  materially  the  conditions  of  equi- 
librium. Representing  by  p  that  amount  of  the  power  applied 
to  any  machinery  whatever,  which  would  keep  the  weight  w  in 
equilibrium  in  the  absence  of  friction,  let  /  express  the  addition 
which  must  be  made  to  p,  in  order  to  enable  it  to  overcome  the 
friction  and  put  the  weight  in  motion  ;  then  /  will  ako  express 
the  amount  by  which  the  power  must  be  diminished,  in  order 
to  enable  the  weight  to  prevail  over  it  and  to  descend.  It  is 
evident,  therefore,  that  any  power  which  is  less  than  P  +/,  and 
greater  than  p  -/,  would  keep  the  weight  in  equilibrium  and  at 
rest. 

It  may  therefore  be  inferred,  generally,  that  when  a  machine 
of  any  kind  is  used  simply  to  sustain  a  weight  or  to  balance  a 
resistance,  the  friction,  acting  in  common  with  the  power,  be- 
comes a  mechanical  advantage.  In  many  instances  this  resisting 
force  constitutes  the  entire  efficiency  of  the  instrument.  Thus, 
when  screws,  nails,  or  pegs  are  used  to  bind  together  the  parts 
of  any  structure,  their  friction  with  the  surface  with  which  they 
are  in  contact  prevents  their  recoil,  and  gives  them  their  entire 
binding  power.  In  the  ordinary  use  of  the  wedge  itself  we  have 
another  striking  example  of  the  mechanical  advantage  of  fric- 
tion. When  the  wedge  is  used  for  any  purpose,  as,  for  example, 
to  split  timber,  it  is  urged  forward  by  percussion,  the  action  of 
the  moving  power  being  only  instantaneous,  and  being  totally 
suspended  between  each  successive  blow.  But  for  the  resisting 
force  of  the  friction  which  takes  place  between  the  surface  of 
the  wedge  and  the  surface  of  the  timber,  the  wedge  would  react 
after  each  blow,  and  render  abortive  the  action  of  the  moving 
power.  The  friction,  therefore,  in  this  case  plays  the  part  of 
a  ratchet  wheel,  preventing  the  reaction  of  the  wedge,  and  mak- 
ing good  the  action  of  the  power. 
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Notwithstanding  the  disadvantages  which  attend  the  pre- 
sence of  friction  in  machines,  it  is  an  agent  eminently  useful  in 
giving  stability  to  structures,  and  in  giving  eflSciency  to  the 
movements  of  almost  all  bodies,  natural  and  artificial.  Without 
friction,  most  structures,  natural  and  artificial,  would  fall  to 
pieces.  The  stones  and  bricks  used  in*  building  owe  to  the 
mutual  friction  of  their  surfaces  a  great  part  of  their  stability. 
Manual  exertion  would  become  impracticable  if  no  friction 
existed  between  the  limbs  and  the  objects  upon  which  they  act. 
The  friction  between  the  foot  and  the  groimd  gives  a  purchase 
to  the  muscular  force,  so  as  to  enable  it  to  produce  a  progressive 
motion.  Without  friction,  every  eflbrt  of  the  foot  to  propel  the 
body  forward  would  be  attended  with  a  backward  action,  so  that 
no  progressive  motion  would  ensue.  The  difiiculty  of  moving 
upon  ice,  or  upon  gi'ound  covered  with  greasy  or  unctuous 
matter,  illustrates  this.  Without  friction  we  could  not  hold 
any  body  in  the  hand.  The  difficulty  of  holding  a  lump  of  ice 
between  two  fingers  is  an  example  of  this.  Without  friction,  a 
locomotive  engine  could  not  propel  its  load  ;  for  if  the  rail  and 
the  tires  of  the  driving-wheels  were  both  absolutely  smooth,  one 
would  slip  upon  the  other,  without  affording  the  necessary  pur- 
chase to  the  steam  power. 

280.  Sliding  and  roUlnff  friction. — Friction  is  manifested  in 
different  ways,  according  to  the  kind  of  motion  which  one  surface 
has  upon  the  other.  When  one  surface  slides  upon  the  other  in 
the  manner  of  a  sledge,  the  friction  is  called  sliding  or  rubbing 
friction.  When  a  body  rolls  upon  another,  so  that  different 
points  of  such  body  come  into  successive  contact  with  each 
other,  it  is  called  rolling  friction. 

The  laws  which  regulate  friction  ai-e  derived  exclusively  from 
experiments,  independently  of  theory.  There  are  no  simple  or 
general  principles  from  which  they  can  be  deduced  by  mathe- 
matical reasoning.  It  is  a  matter  of  regret  that,  even  amongst 
the  best  conducted  experiments  that  have  been  made,  consi- 
derable discrepancies  are  observable,  and  that  differences  of 
opinion  still  prevail  between  the  most  competent  authorities 
respecting  several  particulars  connected  with  the  properties 
and  laws  of  this  and  other  resisting  forces. 

Although  these  laws,  so  far  as  they  are  known,  depend  thus 
wholly  on  experiment,  yet  the  general  principles  of  science,  as 
applied  to  them,  are  far  from  being  dispensable.  They  serve  as  a 
guide  in  the  selection  of  the  experiments  which  are  best  adapted 
to  develop  those  laws  which  are  the  subject  of  inquiry,  as  weU  as 
to  show  the  inconclusiveness  of  some  experiments  on  which  re- 
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liance  might  otherwise  be  placed,  and  thus  enable  us  further  to 
deduce  from  the  trustworthy  results  of  experimental  inquiries 
numerous  useful  practical  rules. 

There  are  two  methods  by  which  the  amount  of  friction 
produced  when  two  surfaces  are  moved  one  upon  another  can 
be  ascertained. 

I  St.  The  surfaces  being  rendered  perfectly  flat,  let  one  be 
fixed  in  a  horizontal  position  on  a  table  t  t  {fig,  276),  and  lei 
the  other  be  attached  to  the  bottom  of  a  box  b  b,  adapted  to 
receive  weights  so  as  to  vary  the  pressure. 

Let  a  flexible  cord  be  attached  to  this  box,  and  being  carried 
parallel  to  the  table,  let  it  pass  over  a  fixed  pulley  at  p,  and 
have  a  dish  suspended  to  it  at  d. 

If  no  friction  existed  between  the  surfaces,  the  smallest 
weight  suspended  from  d  would  cause  the  box  b  b  to  move  with 
a  uniformly  accelerated  motion  along  the  table  towards  the 
pulley  ;  but  the  resistance  of  friction  renders  it  necessary,  before 
motion  can  take  place  or  be  maintained,  that  the  weight  n  shall 


Fig.  276. 


Fig.  277. 


be  equal  to  the  amount  of  this  friction.  If  the  weight  d  and 
the  friction  be  equal,  then,  the  power  and  the  resistance  being 
in  equilibrium,  the  box  b  b,  if  put  in  motion,  will  move  towards 
the  point  p  with  any  velocity,  continued  uniform,  which  may  be 
imparted  to  it.  If  the  weight  d  be  greater  than  the  friction, 
then  the  motion  of  the  box  towards  p  will  be  accelerated  ;  and 
if  the  weight  be  less  than  the  friction,  then  any  motion  which 
may  be  given  to  the  box  will  be  retarded,  and  will  soon  cease 
altogether. 

The  determination,  therefore,  of  the  weight  acting  atn, 
which  represents  the  exact  amount  of  the  friction,  will  depend 
upon  the  velocity  given  to  the  box  in  the  direction  b  p  being 
maintained  uniform. 

2ndly.  Let  one  of  the  surfaces  be  attached,  as  before,  to  a 
flat  plane  a  b  {fi^.  277),  but  instead  of  being  horizontal  let  it 
be  inclined,  and  so  arranged  that  the  inclination  may  be  varied 
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ai  pleasure.  The  box  w  being  constructed  as  before^  and  placed 
upon  the  plane,  let  such  an  elevation  be  given  to  the  plane  that 
the  box  shall  be  capable  of  moving  down  it  with  an  uniform 
velocity,  without  acceleration  or  retardation.  If  the  elevation 
be  greater  than  this,  the  motion  of  the  box  down  the  plane  will 
be  accelerated,  and  the  component  of  gravity  acting  along  the 
plane  will  be  greater  than  the  friction ;  if  it  be  less,  the  motion 
of  the  box  will  be  retarded,  until  it  ceases  altogether,  and  the 
action  of  gravity  upon  w  will  then  be  less  than  the  friction. 

That  particular  inclination  of  the  plane  corresponding  to  the 
friction  of  any  given  surface,  which  renders  the  action  of  gra- 
vity equal  to  the  friction,  is  called  the  atigle  of  repose.  Accord- 
ing to  the  principles  already  explained,  it  follows  that  in  these 
cases,  if  the  length  of  the  plane  a  b  represent  the  total  weight 
w,  the  gravity  down  the  plane,  which  is  equal  to  friction,  will 
be  represented  by  the  height  a  e,  and  the  pressure  upon  the 
plane  will  be  represented  by  the  base  b  e,  and  consequently  the 
ratio  of  the  friction  to  the  pressure  will  be  that  of  the  height 
A  E  to  the  base  b  e.  Experiments  conducted  SLCcording  to  both 
these  methods  have  given  nearly  the  same  results,  which  may 
be  summarily  stated  to  be  as  follows: — 

The  proportion  of  the  friction  to  the  pressure,  when  the 
quality  of  the  surface  is  given,  is  always  the  same,  no  matter 
how  the  weight  or  the  magnitude  of  the  surface  may  be  varied, 
except  in  extreme  cases,  when  the  proportion  of  the  pressure  to 
the  surface  is  very  great  or  very  small. 

If  the  surfaces  in  contact  be  placed  with  their  grains  in  the 
same  direction,  the  friction  will  be  greater  than  if  their  grains 
cross  each  other.  Smearing  the  surfaces  with  unctuous  matter 
diminishes  the  friction,  probably  by  filling  the  cavities  between 
those  minute  projections  which  produce  the  friction. 

The  pivots  of  pendulums  or  balances  are  usually  made  of 
steel,  and  rest  upon  hard  polished  stones,   diflferent  surfaces - 
being  used  for  the  purpose  of  diminishing  the  amount  of  fric- 
tion.    Brass  sockets  are  generally  used  for  iron  axles  on  the 
same  principle. 

281.  Knbricants. — In  the  selection  of  lubricants,  those  of  a 
viscous  nature  are  selected,  in  the  case  of  the  rough  surfaces  of 
softer  bodies,  and  those  which  are  more  fluid  are  applied  to  the 
smoother  surfaces  of  harder  bodies.  Thus,  when  metal  moves 
upon  wood,  tallow,  tar,  or  some  solid  grease  is  generally  used  ; 
but  when  metal  moves  upon  metal,  oil  is  preferred  ;  and  the 
harder  and  the  smoother  the  metal,  the  finer  the  oil.  Finely 
pulverised  plumbago  is  found  to  be  a  very  eflicient  agent  in 
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diminishing  friction,  especially  as  applied  to  the  axles  of  car- 
riages and  the  shafts  of  machinery. 

282.  Rolling  frlotion. — The  friction  which  attends  a  rolling 
motion  is  very  much  less  than  that  which  would  attend  a  sliding 
or  rubbing  motion  with  the  same  surfaces  and  under  the  same 
pressure.  Hence  it  is  that  rollers  are  used  with  so  much  success 
as  an  expedient  for  diminishing  friction.  A  roughly  chiselled 
block  of  stone,  weighing  1,080  lbs.,  was  drawn  from  the  quarry 
to  the  surface  of  the  rock  by  a  force  of  758  lbs.  It  was  then 
laid  upon  a  wooden  sledge,  and  drawn  upon  a  wooden  floor,  the 
tractive  force  being  606  lbs.  When  the  wooden  surfaces  moving 
upon  one  another  were  smeared  with  tallow,  the  tractive  force 
was  reduced  to  182  lbs.  ;  but  when  the  load  was,  in  fine,  placed 
upon  wooden  rollers  three  feet  in  diameter,  the  tractive  force 
was  reduced  to  28  lbs. 

283.  Sledffes. — Although  it  is  therefore  obvious,  on  general 
principles,  that  the  friction  of  sliding  considerably  exceeds  that 


Fig.  278. 

of  rolling,  vehicles  supported  on  straight  and  parallel  edges, 
sliding  over  the  surface  of  the  ground,  are  often  found  more 
convenient  than  wheel  carriages.  In  climates  where  snow  and 
frost  prevail  during  the  winter,  sledges  (Jig.  278),  supersede  all 
other  carriages.  In  New  York  and  other  cities  of  North  America 
public  vehicles,  such  as  omibuses,  hackney  coaches,  and  all  other 
conveyances,  are  taken  off"  the  wheels  and  placed  upon  sledges, 
on  which  they  are  drawn  along  the  streets  and  roads. 

At  all  seasons  and  in  all  climates  sledges  are,  for  certain 
purposes,  more  convenient  than  wheel  carriages  ;  thus,  draymen 
are  provided  with  small  ones  (fig.  279),  to  take  barrels  into 
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narrow  streets,  where  the  approach  of  the  dray  would  be  difficult 
ol*  impracticable. 

284.  Use  of  rollers. — When  heavy  weights,  such  as  large 
blocks  of  stone,  are  required  to  be  moved  through  short  dis- 


Fig.  279. 

tances,  the  application  of  rollers  is  attended  with  great  advan- 
tages ;  but  when  loads  are  to  be  transported  to  considerable 
distances,  the  process  is  inconvenient  and  slow,  owing  to  the 


Fig.  280. 

necessity  of  continually  replacing  the  rollers  in  front  of  the 
load,  as  they  are  left  behind  by  each  progressive  advancement 
(fig.  280). 


Fig.  281. 

_  The  wheels  of  carriages  may  be  regarded  as  rollers  which 
are  continually  carried  forwai'd  with  the  load.     In  addition  to 
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the  friction  of  the  rolling  motion  on  the  road,  they  have,  it  is 
true,  the  friction  of  the  axle  in  the  nave  ;  but,  on  the  other 
hand,  they  are  free  from  the  friction  of  the  rollers  with  the 
under  surface  of  the  load  or  the  carriage  in  which  the  load  is 
transported.  The  advantage  of  wheel  carriages  in  diminishing 
the  effects  of  friction  is  sometimes  attributed  to  the  slowness 
with  which  the  axle  a  (fig.  281)  moves  within  the  box,  com- 
pared with  the  rate  at  which  the  wheel  moves  over  the  road ; 
but  this  is  erroneous.  The  quantity  of  friction  does  not  in 
any  case  vary  considerably  with  the  velocity  of  the  motion,  but 
least  of  all  does  it  in  that  particular  kind  of  motion  here  con- 
sidered. 


Fig;  283.  Fig.  284. 

Castors  (figs.  282,  283)  placed  on  the  feet  of  tables  and  other 
articles  of  furniture  facilitate  their  movement  from  one  place  to 
another  by  substituting  rolling  for  sliding  fiiction. 

285.  Friction  rollers  (s  s,fig.  284)  are  sometimes  interposed 
between  an  axle  and  its  bearings,  to  diminish  the  friction  attend- 
ing their  motion  one  upon  the  other. 

286.  Friction  wbeels.— In  certain  cases  where  it  is  of  great 
importance  to  remove  as  much  as  possible  the  effects  of  friction, 
a  contrivance  called  friction  wheels  or  friction  rollers  is  used. 
The  axle  of  a  friction  wheel  a  (fig.  285),  instead  of  revolving 
within  a  hollow  cylinder  which  is  fixed,  rests  upon  the  edges  of 
wheels  b  b,  which  revolve  with  it  :  the  mode  of  contact  of  the 
moving  parts  thus  becomes  that  in  which  the  friction  is  of  least 
amount. 

In  carriages  the  roughness  of  the  road  is  more  easily  over- 
come by  large  wheels  than  by  small  ones  ;  hence  we  see  wheels 
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of  very  great  magnitude  used  for  canying  beams  of  timber  of 
extraordinary  weight.      The  animals  drawing  these,  notwith- 
ifttanding  their  weight,  do  not  manifest  any  considerable  exer- 
tion.    The  cause  of  this  arises,  /^ 
partly  from  the  carriage-wheels 
bridging  over  the  cavities  in  the 
road,  instead  of  sinking  into  them, 
and  partly  because,  in  surmount- 
ing obstacles,  the  load  is  elevated 
less  abruptly. 

287.  &ine  of  draufflit.— If  a 
carriage  were  capable  of  moving 
on  a  road  absolutely  free  from 
friction,  the  most  advantageous 
direction  in  which  the  tractive 
force  could  be  applied  would  be  ( 
parallel  to  the  road  ;  but  when 
the  motion  is  impeded  by  fric- 
tion, as  in  practice  it  always  is, 
it    is    better    that    the    line    of 

draught  should  be  inclined  to  the  road,  so  that  the  drawing 
force  may  be  exerted  partly  in  lessening  the  pressure  on  the 
road,  by  in  some  degree  elevating  the  carriage,  and  partly  in 
advancing  the  load. 

It  can  be  established  by  mathematical  reasoning  that  the 
best  line  of  draught,  in  all  cases,  is  determined  by  the  angle  of 
repose,  that  is  to  say,  the  traces  should  form  an  angle  with  the 
road  equal  to  the  elevation  of  a  plane  which  would  exactly  over- 
come the  friction.  Hence  it  appears  that  the  smoother  the  road, 
and  the  more  perfect  the  carriage^  And  consequently  the  less  the  . 
friction,  the  more  nearly  parallel  to  the  road  the  line  of  draught 
should  be. 

In  wheel  carriages  there  exists  two  sources  of  friction  :  one 
which  prevails  between  the  tires  of  the  wheels  and  the  road  on 
which  they  run,  the  amount  of  which  depends  on  the  quality  of 
the  road  ;  and  the  other  which  prevails  between  the  axle  and 
the  nave  of  the  wheel  in  which  it  turns.  This  latter  is  sliding 
friction ;  but  the  rubbing  surface  is  small,  being  the  line  of  con- 
tact of  the  axle  with  the  nave  or  socket. 

From  the  structure  of  the  axle  and  the  nave,  this  source  of 
friction  admits  of  being  almost  indefinitely  diminished,  by 
the  application  of  lubricants  and  other  expedients.  The  other 
resistimce,  depending  on  the  action  of  the  tires  of  the  wheels, 
amounts,  on  well-paved  roads,  to  about  ^th  of  the  load.     On 
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gravelled  roads  it  is  ^^^th  ;  and  when  a  fresh  layer  of  gravel 
has  been  laid,  it  is  increased  to  the  ^th  of  the  load.  It  is  found, 
however,  on  a  well-macadamized  road,  when  in  good  order,  that 
the  resistance  does  not  exceed  the  /^th  or  ~th  of  the  load. 

288.  Railways. — The  most  perfect  modem  road  is  the  iroD. 
railway,  by  which  the  resistance  due  to  friction  is  reduced  to  an 
extremely  small  amount. 


Fig.  286. 


'Rie  rolling  friction  of  the  wheels  is  in  this  case  diminished 
by  substituting  for  the  surface  iron  bars  called  rails,  supported 
upon  cross-beams  of  timber  (fig.  286),  at  distances  apart  corre- 


Fig.  aSj.  I 

sponding  to  that  part  of  the  wheels  which  are   formed  with       i 
ledges  or  flanges  projecting  from  their  tires.      These  falling       \ 
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within  the  rails  (/^.  287)  confine  the  vehicle  to  the  rails,  the 
even  surfaces  of  which  in  contact  with  the  tires  produce  very 
little  resistance. 

Various  experiments  have  been  made,  with  a  view  to  deter- 
mine this  resistance  ;  but  much  difficulty  arises,  owing  to  the 
effects  of  atmospheric  resistance  being  combined  with  those  of 
friction.  Extensive  series  of  experiments  made  at  various  times 
with  a  view  to  determine  the  amount  of  resistance  to  railway 
trains,  gave  as  a  general  result  that  this  resistance  is  much  more 
considerable  than  it  had  been  previously  supposed  to  be  ;  but 
that  the  total  resistance  to  motion  depends  in"  a  great  degree 
upon  the  velocity,  and  probably  arises  more  from  the  resistance 
of  the  air  than  from  friction  properly  so  called. 


Fig.  288. 

289.  Brakes. — Friction  is  generally  resorted  to  as  the  most 
convenient  method  of  retarding  the  motion  of  bodies  and 
bringing  them  to  rest.  Expedients  of  various  forms,  called 
brakes,  have  been  contrived  for  this  purpose. 


^.^ ^^  #^j^s— •  '    '   ' ---■    '*^*^         ,^s~^ — "^ 


Fig.  289. 

The  form  of  brake  called  a  shoe,  used  in  travelling  carriages, 
is  shown  in^gr.  288. 


Digitized 


by  Google 


320 


THEORY  OF   MACHINERY. 


The  brake  used  in  diligences  and  other  heavy  vehicles  on  the 
Continental  roads,  which  is  similar  in  principle  to  those  used  for 

tram-cars  and  railway  car- 
riages, is  shown  in  fig.  289. 
Surfaces  of  wood  are  pressed 
against  the  tires  of  the  wheels 
by  a  combination  of  levers 
pressed  by  the  hand  of  the 
guard  or  conductor. 

A  brake  used  in  machinery 
is  shown  in  fig.  290,  consist- 
ing of  a  strap  tightly  drawn 
^^^'  ^^^  upon  the  tire  of  the  wheel 

intended  to  be  retarded  or  stopped. 

Friction  is  sometimes  used  as  a  point  of  resistance,  as  where 
a  cable  is  coiled  round  a  post  to  arrest  the  progress  of  a  vessel 
(.%.  291). 


I 


Fig.  291. 

290.  Imperfect  flexibility  of  ropes.— When  ropes  or  cords 
form  a  part  of  machinery  the  effects  of  their  imperfect  flexi- 
bility are  in  a  certain  degree  counteracted  by  bending  them  over 
the  grooves  of  wheels.  But  although  this  so  far  diminishes 
these  effects  as  to  render  ropes  practically  useful,  yet  still,  in 
calculating  the  power  of  machinery,  it  is  necessary  to  take  into 
account  some  consequences  of  the  rigidity  of  cordage,  which 
even  by  these  means  are  not  quite  removed. 

To  explain  the  way  in  which  the  stiffness  of  a  rope  modifies 
the  operation  of  a  machine,  we  shall  suppose  it  bent  over  a  wheel, 
and  stretched  by  weights  a  and  B,  fig.  292,  at  its  extremities. 
The  weights  A  and  b,  being  equal,  and  acting  at  c  and  d  in 
opposite  ways,  balance  the  wheel.  If  the  weight  a  receive  an 
addition,  it  will  overcome  the  resistance  of  B,  luid  turn  the 
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wheel  in  the  direction  dec.  Now,  for  the  present,  let  us  sup- 
pose that  the  rope  is  perfectly  inflexible,  the  wheel  and  weights 
will  be  turned  into  the  position  represented  in  fig.  293.  The 
leverage  by  which  a  acts  will  be  diminished,  and  will  become 
o  F,  having  been  before  o  c  ;  and  the  leverage  by  which  b  acts 
will  be  increased  to  o  g,  having  been  before  o  d. 

But  the  rope,  not  being  inflexible,  will  yield  to  the  efiect  of 
the  weights  a  and  b,  and  the  parts  A  c  and  b  d  will  be  bent  into 
the  forms  represented  in  fig.  294.  The  preponderating  weight 
*A  still  has  a  less  leverage  than  the  weight  b,  and  consequently 
a  proportionate  part  of  the  efiect  of  the  moving  power  is  lost. 

The  extent  to  which  the  rigidity  of  cordage  affects  the 
motion  of  machinery  has  been  ascertained  by  experiment  in  a 
still  more  imperfect  manner  than  the  results  of  friction.  Many 
incidental  circumstances  vary  the  conditions,  so  as  to  throw 


Fig,  292. 


Fig.  293. 


Fig.  294. 


great  difficulties  in  the  way  of  such  an  investigation.  Differ- 
ent ropes,  and  the  same  ropes  at  different  times,  produce  ex- 
tremely different  effects,  influenced  by  the  circumstances  of 
their  dryness  or  humidity,  the  quality  of  their  material,  the 
mode  in  which  they  are  prepared  and  twisted,  &ot  These  cir- 
cumstances, it  is  evident,  do  not  admit  of  being  estimated  or 
expressed  with  any  degree  of  accuracy.  It  may,  however,  be 
stated  generally  that  the  resistance  produced  by  the  rigidity  of 
a  rope  is  directly  proportional  to  the  weight  that  acts  upon  it, 
and  to  its  thickness.  Other  things  being  the  same,  it  is  also  in 
the  inverse  proportion  of  the  diameter  of  the  wheel  or  axle 
upon  which  the  rope  is  coiled  ;  the  greater  the  weights,  there- 
fore, which  are  moved,  and  the  stronger  the  ropes,  the  greater 
will  be  the  resistance  proceeding  from  rigidity;  and,  on  the 
other  hand,  the  greater  the  diameter  of  the  wheel  or  axle  on 
which  'the  rope  runs,  the  less  in  proportion  will  be  the  force 
necessary  to  overcome  the  rigidity. 

Y 
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The  resistance  from  new  ropes  is  greater  than  from  those 
of  the  same  quality  which  have  been  some  time  in  use.  Ropes 
saturated  with  moisture  offer  increased  resistance  on  that  ac- 
count. 

291.  Resistance  of  fluids. — Since  all  the  motions  which 
commonly  take  place  on  the  surface  of  the  earth  are  made  in 
the  atmosphere  or  in  water,  it  is  of  great  practical  importance  to 
ascertain  the  laws  which  govern  the  resistance  offered  by  these 
fluids  to  the  motion  of  bodies  passing  through  them.  A  body 
moving  through  a  fluid  must  displace  as  it  proceeds  as  much  of 
that  fluid  as  fills  the  space  which  it  occupies  ;  and  in  thus  im- 
parting motion  to  the  fluid  it  loses  by  reaction  an  equivalent 
quantity  of  its  momentum. 

If  a  body  thus  moving  were  not  impelled  by  a  motive  force 
in  constant  action,  it  would  be  gradually  deprived  of  its  mo- 
mentum, and  at  length  brought  to  rest.  Hence  it  is  that  all 
motions  which  take  place  on  the  surface  of  the  earth,  and 
which  are  not  sustained  by  the  constant  action  of  an  impelling 
power,  are  observed  gradually  to  diminish,  and  ultimately 
to  cease. 

Since  the  resistance  presented  by  a  fluid  to  the  motion  of  a 
solid  is  equivalent  to  the  momentum  imparted  by  the  solid 
to  the  fluid  which  it  thrusts  out  of  its  way  in  its  motion, 
it  follows  evidently  that,  other  things  being  the  same,  this  resist- 
ance will  be  proportional  to  the  density  or  weight  of  the  fluid. 
Thus  the  resistance  produced  by  air  is  less  than  that  produced 
by  water,  in  the  proportion  of  the  weight  of  air  to  the  weight  of 
an  equal  bulk  of  water. 

The  resistances  are  proportioned  to  the  quantity  of  the  fluid 
which  the  moving  body  thrusts  from  the  path  ;  and  this  again 
depends  upon  the  form  and  magnitude  of  the  body,  and  more 
especially  on  its  frontage. 

The  resistance  which  a  body  encounters  in  moving  through 
a  fluid  is  greater,  therefore,  with  a  broad  end  foremost,  than 
with  a  narrow  end  foremost.  A  ship  would  evidently  encounter 
a  much  greater  resistance  if  it  were  driven  sideways,  than  if 
it  moved  in  the  direction  of  the  keel.  It  would  also  encounter  a 
greater  resistance  if  it  moved  stem  foremost  than  in  the  usual 
direction. 

The  blade  of  a  sword  would  be  wielded  with  some  difficulty  if 
moved  with  its  flat  side  in  the  direction  of  motion,  whereas  it  is 
easily  flourished  when  moved  edge  foremost.  Bodies  whose  fore- 
most ends  have  the  form  of  a  wedge  or  a  point  move  through  a 
fluid  with  less  resistance  than  if  the  pointed  ends  were  cut  off,  and 
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they  presented  a  flat  surface  to  the  fluid  medium,  because  in 
their  motion  they  act  upon  the  principle  of  the  wedge,  and 
more  easily  cleave  the  fluid.  Nature  has  formed  birds  and 
fijshes  in  this  manner  to  facilitate  their  passage  through  the  air 
and  through  the  water. 

The  resistance  which  a  body  moving  through  a  fluid  en- 
counters increases  in  a  high  ratio  with  its  velocity.  If  the  body 
move  with  the  velocity  of  one  foot  per  second,  it  will  act  in  each 
second  upon  a  coliunn  of  the  fluid  whose  base  is  equal  to  its 
own  transverse  section  and  whose  length  is  one  foot,  and  it  will 
impel  such  a  coluum  with  a  velocity  of  one  foot  per  second  ;  but 
if  the  velocity  of  the  moving  body  be  doubled,  it  will  not  only 
drive  before  it  in  one  second  a  column  of  fluid  two  feet  long — 
that  is,  double  the  former  length — ^but  it  will  impel  this  column 
with  double  the  former  speed. 

The  resistance,  therefore,  will  be  doubled,  on  account  of  the 
double  quantity  of  the  fluid  set  in  motion,  and  again  doubled, 
on  account  of  this  quantity  receiving  double  the  velocity.  The 
momentum,  therefore,  imparted  by  the  body  to  the  fluid  when 
the  velocity  is  doubled  will  be  increased  in  a  fourfold  proportion. 

In  the  same  manner  it  may  be  shown  that  if  the  velocity  of 
the  body  be  increased  in  a  threefold  proportion,  it  will  drive 
from  its  path  three  times  as  much  of  the  fluid  per  second,  and 
impart  to  it  three  times  as  great  a  velocity  ;  consequently,  the 
momentum  which  it  will  give  up  to  the  fluid  will  be  nine 
times  that  which  it  imparted  moving  at  the  rate  of  one  foot  per 
second. 

In  general,  therefore,  it  follows  that  the  momentum  which 
the  body  imparts  to  the  fluid  in  moving  through  it,  will  be  in- 
creased in  proportion  to  the  square  of  the  velocity  ;  but  as  the 
resistance  which  the  body  sufiers  must  be  equal  to  the  mo- 
mentum which  it  imparts  to  the  fluid,  it  follows  that  the  resist- 
ance to  a  body  moving  through  a  fluid  will  be  proportional  to 
the  square  of  its  velocity. 

292.  Ponderous  missiles. — Hence  it  follows  that  missiles 
lose  a  less  proportion  of  their  momentum  in  passing  through 
the  air,  as  their  weight  is  increased  ;  for,  according  to  what  has 
been  stat-ed,  the  resistance  which  they  suffer  at  a  given  velocity 
will  be  proportional  to  their  transverse  section,  which  in  this 
case  is  in  the  ratio  of  the  squares  of  their  diameters ;  but  as 
their  weight  increases  as  the  cubes  of  their  diameters,  and  their 
momentum  is  proportional  to  their  weight,  it  follows  that  by  in- 
creasing their  magnitude  their  momentum  is  increased  in  a  higher 
l^tio  than  the  resistance  they  encounter.     For  example,  if  two 
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cannon-balls  have  diameters  in  the  proportion  of  2  to  3,  the 
resistances  which  they  will  encounter  at  the  same  velocity  of 
projection  will  be  in  the  ratio  of  4  to  9,  while  their  weights  will 
be  in  the  ratio  of  8  to  27.  The  resistance,  therefore,  presented  to 
the  smaller  ball  will  be.ar  to  its  weight  a  greater  ratio  than  that 
encountered  by  the  larjjer. 

293.  Resistance  of  tlie  air  to  the  motloo  of  fallingr 
bodies. — It  has  been  shown  that  a  body  obedient  to  the  action 
of  gravity  would  descend  in  a  vertical  line  with  a  uniformly 
accelerated  motion.  Its  velocity  would  increase  in  proportion 
to  the  time  of  its  fall,  so  that  in  ten  seconds  it  would  acquire 
ten  times  the  velocity  which  it  acquired  in  one  second  ;  but 
these  conclusions  have  been  obtained  on  the  supposition  that  no 
mechanical  agent  acts  upon  the  body  save  gravity  itself.  If, 
however,  the  body  fall  through  the  atmosphere,  which  in  prac- 
tice it  must  always  do,  it  encounters  a  resistance  which  aug- 
ments with  the  square  of  the  velocity.  Now,  as  the  acceleration  of 
gravity  remains  sensibly  constant,  while  the  resistance  continu- 
ally increases,  this  resistance,  if  the  motion  be  continued,  niust 
at  length  become  equal  to  the  gravitation  of  the  falling  body, 
and,  when  it  does,  the  velocity  of  the  falling  body  will  cease  to 
increase.  It  follows,  therefore,  that  when  a  body  falls  through 
the  atmosphere,  its  rate  of  acceleration  is  continually  dimi- 
nished ;  and  there  is  a  limit  beyond  which  the  velocity  of  its 
fall  cannot  increase,  this  limit  being  determined  by  that  velocity 
at  which  the  resisting  force  of  the  air  will  become  equivalent  to 
the  gravity  of  the  body. 

As  the  resisting  force  of  the  air,  other  things  being  the  same^ 
increases  with  the  magnitude  of  the  surface  presented  in  the 
direction  of  the  motion,  it  is  evidently  possible  so  to  adapt  the 
shape  of  the  falling  body  that  any  required  limit  may  be  im- 
pressed upon  the  velocity  of  its  descent.  It  is  upon  this  prin- 
ciple that  parachutes  have  been  constructed. 

When  a  body  attached  to  a  paiachute  is  disengaged  from  a 
balloon,  its  descent  is  at  first  accelerated,  but  very  soon  becomes 
uniform,  and  as  it  approaches  the  earth,  the  air  becoming  more 
ani  more  dense,  the  resistance  on  that  account  increases,  and 
the  fall  becomes  still  more  retarded. 

The  theory  of  projectiles,  which  is  founded  upon  the  suppo- 
sition of  bodies  moving  in  vacuo,  is  rendered  almost  inappli- 
cable in  practice,  in  consequence  of  the  great  effect  produced  by 
atmospheric  resistance  to  bodies  moving  with  such  velocities  as 
those  which  are  generally  imparted  to  missiles.  According  to 
experiments  and  calculations,  it  has  been  found  that  the  range 
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of  a  4-lb.  cannon-ball,  which  in  vacuo  would  be  23,226  feet, 
was  reduced  to  6,437  feet  by  the  resistance  of  the  air.  Hutton 
showed  that  a  6-lb.  ball,  projected  with  a  velocity  of  2,000  feet 
per  second,  encountered  a  resistance  a  hundred  times  greater 
than  its  weight. 


CHAPTER  XVIII. 

STRENGTH   OF   MATERIALS. 


294.  Strengtb  of  polid  bodies. — The  solid  materials  of  which 
structures,  natural  and  artificial,  are  composed,  are  endued  with 
certain  powers,  in  virtue  of  which  they  are  capable  of  resisting 
forces  applied  to  bend  or  break  them.  These  powers  constitute 
an  important  class  of  resisting  forces,  and  are  technically  called 
in  mechanics  the  strength  of  materials. 

Experimental  inquiries  into  the  conditions  which  determine 
the  strength  of  solid  bodies,  and  their  power  to  resist  forces 
tending  to  tear,  break,  or  bend  them,  are  obstructed  by  practical 
difficulties,  the  nature  and  extent  of  which  arise  partly  from  the 
great  force  which  must  be  employed  in  such  experiments,  but 
more  from  the  variety  of  individual  physical  properties  of  the 
bodies  upon  which  such  experiments  are  made. 

The  object  of  such  an  inquiry  must  necessarily  be  the  estab- 
lishment of  a  general  law,  or  such  a  rule  as  would  be  strictly 
observed  if  the  materials  were  perfectly  uniform  in  their  tex- 
ture, and  subject  to  no  casual  inequalities.  In  proportion, 
however,  as  such  inequalities  are  frequent,  experiments  must 
be  multiplied,  so  that  they  shall  include  cases  varying  in  both 
extremes,  so  that  the  peculiar  effects  of  each  may  be  effaced 
from  the  general  average  result  which  shall  be  obtained.  These 
inequalities  of  texture,  however,  are  so  great,  that  even  when 
a  general  law  has  been  established  by  a  sufficiently  extensive 
series  of  experiments,  it  can  only  be  regarded  as  a  mean  result 
from  which  individual  examples  will  be  found  to  depart  in  so 
great  a  degree  that  the  greatest  caution  must  be  observed  in  its 
practical  application. 

Although  the  details  of  this  subject  belong  more  properly  to 
engineering  than  to  an  elementary  treatise  like  the  present,  it 
will  nevertheless  be  a  useful  illustration  of  the  principles 
already  explained,  to  give  a  general  view  of  the  most  important 
laws  which  have  been  established. 
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A  mass  of  solid  matter  may  be  submitted  to  the  action  of  a 
force  tending  to  separate  its  parts  in  several  ways,  of  which  the 
principal  are  : — 

I.  A  direct  pull ;  as  when  a  weight  is  suspended  to  a  wire 
or  a  rope,  or  when  a  tie-beam  resists  the  separation 
of  the  walls  of  a  structure. 
II.  A  direct  pressure  or  thrust;  as  when  a  weight  rests  upon 
a  pillar,  or  a  roof  upon  walls. 

III.  When  a  force  is  applied  to  twist  or  wrench  a  body  asun- 

der by  turning  a  part  of  it  round  a  point,  or  a  series 
of  points,  within  it. 

IV.  A  transverse  strain  ;  as  when  a  beam,  being  supported 

at  its  centre,  weights  are  suspended  from  its  ends,  or, 
being  supported  at  its  ends,  a  weight  is  suspended 
from  its  centre. 

When  a  rod,  rope,  or  wire  is  extended  between  forces  applied 
to  its  ends,  and  tending  directly  to  stretch  it,  its  strength  to 
resist  such  force  is,  other  things  being  the  same,  in  proportion 
to  the  magnitude  of  its  section. 

Thus,  suppose  an  iron  wire  stretched  by  a  weight  which  it  is 
just  able  to  support  without  breaking.  It  is  evident  that  a  wire 
having  twice  the  quantity  of  iron  of  the  same  quality  in  its 
thickness  would  support  double  the  weight,  because  such  wire 
would  be  in  effect  equivalent  to  two  wires  like  the  former  com- 
bined. In  the  same  manner,  a  wire  having  three  times  the 
quantity  of  iron  of  the  same  quality  in  its  thickness,  being 
equivalent  to  three  wires  like  the  first,  would  support  three 
times  the  weight,  and  so  on.  Thus  the  power  of  bodies  to 
resist  a  direct  pull  will  be  in  general  in  proportion  to  the  area 
of  their  transverse  section.  In  practice  it  is  foand  that  when 
the  length  is  much  increased,  the  strength  to  resist  a  direct  pull 
is  diminished. 

This  departure,  however,  from  the  general  law  is  explained 
by  the  increased  probability  of  casual  defects  of  structure  in  the 
increased  length  ;  and,  subject  to  such  qualification,  it  may  be 
stated  generally,  that  the  strength  of  a  body  to  resist  tension, 
or  a  direct  pull  drawing  from  end  to  end,  is  in  the  direct  ratio 
of  the  area  of  its  section  made  at  right  angles  to  the  direction 
in  which  it  is  stretched. 

The  strength  of  bodies  to  resist  a  direct  pull  is  experiment- 
ally estimated  by  attaching  the  upper  extremity  securely  to  a 
point  of  support,  and  suspending  weights  to  the  lower  extre- 
mity, which  are  increased  gradually  until  the  body  under  ex- 
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.  Woods  :— 
Name. 

Teak  . 

Sycamore    , 

Beech 

Elm  . 

Memel  fir  . 

Ohristiania  deal 

Larch 

Oak    . 

Alder 

Lime. 

Box    . 

Pinus  sylvestrLs 

Ash    . 

Pine  . 

Fir     . 


from 


Ibft. 
12,915   to 

9,630 
12,225 

9,720   „ 

9,540 
12,346 
12,240 
10,367    „ 
11,453    „ 

6,991  „ 
14,210  „ 
17,056  „ 
13,480  „ 
10,038    „ 

6,991    „ 


3.  Cords  : — 

Hemp,  twisted 
J  to  I  inch  thick 
I  „  3 

3  ,,  5   ,, 
5  „  7 


lbs. 
15,405 

15,040 


25,851 
21,730 
20,796 
24,043 
20,395 
23,455 
14,965 
12,876 


8,746 
6,800 

5,345 
4,860 


From  this  table  it  appears  that  the  strongest  of  the  bodiea 
for  resisting  tension  is  iron,  and  that  the  strongest  condition  o£ 
iron  is  that  of  tempered  steel.  In  general,  metals  when  cast 
are  less  strong  than  when  hammered.  Thus,  cast  iron  has  not 
one  third  of  the  tenacity  of  wrought  iron.  It  is  also  found  that 
metals  which  are  composed  of  two  or  more  alloyed  together  are 
often  stronger  than  any  of  their  components.  Thus,  brass  wire, 
which  is  composed  of  zinc  and  copper,  has  greater  tenacity  than 
copper  wire,  although  the  tenacity  of  zinc,  as  appears  by  the 
table,  is  extremely  small. 

It  is  also  found  that  the  strength  of  metals  is  affected  by 
their  temperature,  being  diminished  in  general  as  their  tempera- 
ture is  raised.  Sudden,  frequent,  and  extreme  changes  of  tem- 
perature impair  tenacity. 

The  woods  are  subject  to  extreme  variations,  produced  in 
general  by  the  great  inequalities  which  are  incidental  to  them. 
Thus,  the  strength  of  oak  varies,  as  appears  by  the  table, 
between  the  limits  of  10,000  and  25,000  lbs.     It  is  found  that 
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trees  which  grow  in  mountainous  places  have  greater  strength 
than  those  which  grow  on  plains,  and  also  that  different  parts  of 
the  same  tree,  such  as  the  root,  trunk,  ^nd  branches,  vary  in 
strength  within  wide  limits. 

It  is  found  that  cords  of  equal  thickness  are  strong  in  pro- 
portion to  the  fineness  of  their  strands,  and  also  to  the  fineness 
of  the  fibres  of  which  these  strands  are  composed.  It  is  found 
also  that  their  strength  is  diminished  by  being  overtwisted. 
Ropes  which  are  damp  are  stronger  than  ropes  which  are  dry, 
those  which  are  tarred  than  the  untarred,  the  twisted  than  the 
spun;  and  the  unbleached  than  the  bleached.  Other  things 
being  the  same,  silk  ropes  are  three  times  stronger  than  those 
composed  of  flax. 

The  strength  of  many  substances  is  increased  by  compressing 
them  ;  this  is  the  case  with  leather  and  paper,  for  example. 

Animal  and  vegetable  substances  which,  being  originally 
liquid,  are  rendered  solid  by  evaporation,  change  of  tempera- 
ture, or  exposure,  often  possess  extraordinary  strength.  Ex- 
amples of  this  are  presented  in  the  gums,  glue,  varnish,  &c. 
Count  Rumford  found  that  a  copper  plate  having  a  thickness  of 
25th  of  aji  inch,  rolled  into  the  form  of  a  cylinder,  had  its 
strength  doubled  when  coated  with  well-sized  paper  of  double  its 
own  thickness ;  and  that  a  cylinder  composed  of  sheets  of  paper 
glued  together,  having  a  sectional  area  of  one  square  inch,  was 
capable  of  supporting  a  weight  of  1 5  tons  for  every  square  inch 
in  its  sectional  area ;  and,  in  fine,  that  a  cylinder  composed  of 
hempen  fibres  glued  together  had  a  strength  greater  than  that 
of  the  best  iron,  being  capable  of  supporting  46  tons  per  square 
inch  of  sectional  area. 

295.  Strengrth  to  resist  pressure.— According  to  the  theory 
of  Euler  the  strength  of  a  column  composed  of  any  material 
and  of  any  prismatic  form  to  resist  the  crushing  force  of  a 
weight  placed  upon  it,  increases  as  the  square  of  the  number 
expressing  its  sectional  area  divided  by  the  square  of  the  num- 
ber expressing  its  height.  This  law,  which  is  of  great  prac- 
tical importance,  on  account  of  its  application  to  architectural 
purposes,  is  found  to  be  in  very  near  accordance,  within  prac- 
tical limits,  with  the  experiments  of  Musschenbrock  and  others; 
and  more  recently  with  the  still  more  extensive  experiments  of 
Mr.  Eaton  Hodgkinson  made  on  pillars  of  wrought  iron  and 
timber. 

It  is  necessary  to  observe  here  that  when  the  height  is  re- 
duced to  a  very  small  magnitude,  the  pillar  is  more  easily 
crushed  than  would  be  indicated  by  this  law.     Exceptions  ar^ 
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also  presented  in  the  case  of  pillars  formed  of  particular  mate- 
rials; such,  for  example,  as  cast  iron,  which  Mr.  Hodgkinson 
found  to  vary  in  rather  a  higher  proportion  in  reference  both  to 
the  sectional  area  and  to  the  height. 

According  to  Ejtelwein's  experiments  the  strength  of  rec- 
tangular columns  to  resist  compression  is  directly  as  the  product 
of  the  larger  side  of  their  section  multiplied  by  the  cube  of  its 
shorter  side,  and  inversely  as  the  square  of  their  height.  This 
will  coincide  with  the  rule  of  Euler  when  the  pillar  is  square. 

Eytelwein  gives  the  following  table  of  the  weights  necessary 
to  crush  pillars  composed  of  the  materials  expressed  in  the  first 
columny  the  numbers  expressed  i/n  the  second  colum/n  being  the  total 
crushing  weights  in  lbs,  per  square  inch  : — 

1.  Metals : — 

Name. 
Cast  iron  . 
Brass,  fine  . 
Copper,  molten  . 

,,       hammered 
Tin,  molten 
Lead,  molten 

2.  Woods: — 

Oak     . 
Pine   . 
Pinus  sylv. 
Elm    . 


3.  Stones: — 

Gneiss 

Sandstone,  Rothenburg 

Brick,  well  baked 

Mr.  Hodgkinson  gives  the  following  results  of  his  experi- 
ments as  to  the  strength  of  timber  pillars  : — 


lbs. 

Iba. 

from 

115,813  to 

177,776 

9} 

164,864 

99 

117,088 

>> 

103,040 

» 

15,456 

99 

7,728 

>> 

3,860  to 

5,147 

99 

1,928 

» 

1,606 

99 

1,284 

» 

4,970 

J> 

2,556 

» 

1,092 
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strength  per  square  inch 

Description  of  wood 

in  lbs. 

After  sub- 

Moderately 

jectedto 

dry 

drying 
process 

Alder 

6,831 

6,960 

Ash     . 

8,683 

9,363 

Bay     . 

7,518 

7,518 

Beech  . 

. 

7,733 

9,363 

English  birch 

3,297 

6,402 

Cedar  . 

5,674 

5,863 

Red  deal      . 

5,748 

6,586 

White  deal  . 

6,781 

7,293 

Elder  . 

7,451 

9,973 

Elm     .    -     . 

10,331 

Fir  (spruce) 

eA99 

6:819 

Mahogany   . 

8,198 

8,198 

Oak,  Quebec 

4,231 

5,982 

„      English 

6,484 

10,058 

Pine,  pitch   . 

6,790 

6,790 

„    red      . 

5,395 

7,518 

Poplar 

3,107 

5,124 

Plum,  dry   . 

8,241 

10,493 

Teak    . 

12,101 

Walnut 

6,063 

7,227 

Willow         .... 

2,898 

-     6,128 

The  numbers  in  the  first  column  are  the  number  of  lbs.  per 
square  inch,  deduced  from  experiments  made  on  cylinders  one 
inch  in  diameter  and  two  inches  in  height,  with  flat  sides,  the 
wood  being  moderately  dry.  The  second  column  gives  the 
strength  of  similar  pillars  of  the  same  woods,  which  had  been 
subjected  to  a  drying  process  in  a  warm  place  for  two  months 
and  upwards.  The  great  difference  in  the  strength  of  the  two 
cases  shows  in  a  striking  manner  the  effect  of  drjmess  upon  the 
strength  of  timber. 

296.  Strengrtb  to  resist  torsion. — Neither  theory  nor  ex- 
periment has  thrown  much  light  on  the  laws  which  govern  this 
mode  of  resistance  to  the  separation  of  the  constituent  parts  of 
bodies.  The  following  results,  showing  the  comparative  strength 
of  various  metals  to  resist  torsion,  were  obtained  from  a  series 
of  experiments  made  by  Mr.  Rennie  ; — 
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Table  shoiuing  the  comparative  strength  of  various  metah  to  resist 
torsion. 


Lead 
Tin. 
Copper 
Brass 
Gun-metal 
ISwedish  iron 
English  iron 
Cast  iron 
Blister  steel 
Shear  steel 
Cast  steel 


i,ooo 

1,438 

4,312 

4,688 

5,000 

9,500 

10,125 

10,600 

16,188 

17,063 

19,562 


It  is  stated  by  Mr.  Bankes  that  a  square  bar  of  cast  iron 
which  would  measure  an  inch  is  wrenched  asunder  by  an 
average  force  of  631  lbs.  applied  at  the  extremity  of  a  lever  two 
feet  long. 

297.  Strengrtli  to  resist  transverse  strain. — Bodies  sub- 
mitted to  a  transverse  strain  are  usually  considered  as  having 
the  fornr  of  prismatic  beams,  with  their  lengths  at  right  angles 
to  the  direction  in  which  the  strain  is  applied.  A  prismatic 
beam  is  one  all  whose  transverse  sections  are  equal  and  similar 
figures,  and  the  character  of  the  beam  is  determined  by  the 
figure  of  this  section.     Thus,  a  cylindrical  beam  is  one  whose 


_B c 


Fig.  295. 


F'V-  296. 


transverse  section  is  a  circle;  a  rectangular,  one  whose  trans- 
verse section  is  a  right-angled  parallelogram ;  a  square,  whose 
transverse  section  is  a  square ;  and  so  on.  The  force  produc- 
ing the  strain  may  be  resisted  by  one  or  by  two  points  of 
support,  in  the  latter  case  the  weight  being  placed  between 
these  two  points. 
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In  the  first  case,  let  b  c,  fig,  295,  be  a  prismatic  beam,  fixed 
in  a  wall,  or  other  vertical  means  of  support,  at  b  a,  and  let  a 
weight  w  be  supported  from  its  end  c.  We  shall,  for  the  pre- 
sent omit  the  consideration  of  the  weight  of  the  beam  itself. 

The  effect  of  the  weight  w  produced  at  b  a  will  be  to  turn 
the  beam  round  the  point  a,  as  if  it  were  a  hinge,  as  represented 
in  fi^.  296,  and  thus  to  tear  asunder  the  fibres  which  unite  the 
parts  of  the  body  forming  its  transverse  section  at  b  a.  Let  / 
be  the  force  corresponding  to  the  unit  of  surface  of  this  section, 
let  A  be  the  area  of  the  section ;  then  /  x  a  will  express  the  total 
force  of  the  body  over  the  whole  surface  of  the  section.  But  if 
the  beam  tends  to  turn  round  the  point  a  as  a  fulcrum,  this 
force  acts  by  a  leverage  at  each  point  corresponding  to  the  dis- 
tance of  such  point  from  a.  The  total  force  expressed  by/x  a 
may  therefore  be  considered  as  having  an  average  leverage,  de- 
termined by  the  various  distances  of  all  the  parts  in  the  section 
from  a  horizontal  line  passing  through  a. 

Now,  the  point  determined  by  these  conditions  is  the  centre 
of  gravity  of  the  section  of  the  beam  at  a  b.  Let  the  distance  of 
this  centre  of  gravity  from  the  horizontal  line  passing  through 
the  point  a  be  c ;  we  shall  then  have  the  effect  of  the  forces  of 
cohesion  by  which  the  body  is  united  in  the  surface  of  the  sec- 
tion expressed  by  /  x  a  x  c.  Against  this  the  weight  w  acts  with 
the  leverage  c  b,  that  is  to  say,  the  length  of  the  beam. 

Let  this  length  be  expressed  by  l,  and  we  shall  have,  accord- 
ing to  the  properties  of  the  lever, 

W  X  L  =/  X  A  X  c, 
and  therefore 

«T     ^    -A.  X  c 
w=/x  . 

L 

It  appears  from  this,  therefore,  that  the  weight  necessary  to 
fracture  a  beam  placed  in  this  manner  will  be  in  the  direct  ratio 
of  the  area  of  the  transverse  section,  multiplied  by  the  height 
of  the  centre  of  gravity  above  the  lowest  point  of  this  section, 
and  divided  by  the  length  of  the  beam. 

For  beams  of  the  same  length  their  strength  is  proportional 
to  the  area  of  their  section,  multiplied  by  the  distance  of  the 
centre  of  gravity  above  the  lowest  point ;  and  for  beams  of  the 
same  section  their  strength  is  inversely  as  their  length. 

By  the  length  of  the  beam  in  this  case  is  to  be  understood 
the  distance  of  the  part  of  the  beam  at  which  the  weight  is  sus- 
pended from  the  point  of  support. 

Let  us  now  consider  the  case  in  which  the  body  is  supported 
at  two  points,  the  breaking  weight  being  placed  at  some  inter- 
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mediate  point.  Let  such  a  beam  be  represented  in  fig,  297, 
supported  at  the  points  d  and  c,  the  weight  being  placed  at  aa 
intermediate  point  a.  In  this  case  the  tendency  of  the  weight 
18  to  rupture  the  fibres  in  the  vertical  section  of  the  beam  passing 


\ 
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L              M                                             C 

1 

A 

^ 

A 

> 

Fig.  997. 


through  A,  and  in  doing  so  the  beam  would  break  as  if  a  hinge 
were  placed  at  a,  on  the  upper  surface  of  the  section  supporting 
the  weight,  as  represented  in  fi^.  298. 


Fig.  298. 

The  fracture  may  in  this  case  be  considered  to  be  produced 
by  the  reaction  of  the  points  of  support  d  and  c. 

To  determine  the  effects  of  this  reaction,  we  are  to  consider 
that,  by  the  properties  of  the  lever,  the  part  of  the  weight  which 
acts  at  c  is  expressed  by 

W  X , 

CD 

and  the  part  of  the  weight  which  acts  at  d  is  expressed  by 

«,     c  A 
w  X  — . 

DO 
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But  the  former  of  these  acts  upon  the  section  at  a  with  the 
leverage  c  a,  and  the  latter  with  the  leverage  d  a.  If  each  be 
therefore  multiplied  by  its  respective  leverage,  we  find  that  the 
effect  of  each  of  these  actions  in  producing  the  fracture  at  a  will 
be  expressed  by 

„,     D  A  X  C  A 

Wx  ; 

C  D 

the  total  effect,  therefore,  will  be 

D  AxCA 


2  w  X  . 


CD 


Against  this  force  the  strength  of  the  beam  acts,  and  the 
strength  of  the  beam  at  the  section  a  is  determined  and  ex- 
pressed in  exactly  the  same  manner  as  in  the  former  case, 
except  that,  in  the  present  case,  the  average  leverage  by  which 
the  strength  of  the  fibres  resists  rupture  is  the  distance  of  the 
centre  of  gravity  below  the  highest  point  a  of  the  section.  Ex- 
pressing this  distance  as  .before  by  c,  we  shall  have  the  con- 
dition of  equilibrium  at  the  moment  of  fracture  expressed  by 

«^     D  AX  CA     J.     . 

2  w  X =/  X  A  X  c. 

CD 

This  may  be  simplified  in  the  following  manner : — 

Let  M,  fig.  297,  be  the  middle  point  of  the  beam  between  the 

two  points  of  support,  and  let  a  express  d  m,  half  its  length ; 

let  X  express  m  a,  the  distance  of  the  point  where  the  breaking 

weight  is  placed  from  the  middle  point.     We  shall  then  have, 

by  well-known  principles  of  geometry, 

D  AxcA  =  a^-x'. 
Hence  we  shall  have 

2WX =f'<A^C, 

2a 
and  consequently  we  shall  have 

a^  —  x* 
Hence  it  follows  that  if  the  weight  be  placed  at  the  middle 
point  between  the  two  points  of  support,  we  shall  have  jb  =  o ; 
and  consequently, 

^_/xAxc 
a 
It  appears  from  this  that  the  weight  placed  at  the  centre  of 
a  beam,  between  two  points  of  support  necessary  to  break  it,  is 
double  that  which  would  be  sufficient  to  break  the  same  beam  if 
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it  were  supported  only  at  one  point,  the  weight  being  placed  at 
the  other  point. 

Such  are  the  general  practical  principles  for  determining 
the  transverse  strength  of  beams  as  established  by  Galileo ;  and 
although  other  practical  formulae  have  been  proposed  by  later 
writers,  the  above  have  been  found  in  such  near  accordance 
with  the  average  results  of  experiments  made  upon  a  large 
scale,  that  they  have  been  generally  adopted  by  mechanical 
writers  as  the  basis  of  their  investigations  upon  the  strength  of 
materials. 

Let  us  now  see  how  the  preceding  formulae  are  modified  for 
beams  of  particular  forms. 

If  the  beam  be  rectangular,  let  its  breadth  be  6,  its  depth  <i, 
and  its  length  2  a.  The  distance  of  the  centre  of  gravity  of 
its  section,  therefore,  from  its  upper  or  its  lower  surface  will 
be  J  d.  Now,  the  area  of  its  section  will  be  hxd;  henee  we 
have  „^- 

A'^hx  d,  . 
c=id, 
L  =  2  a; 

and  consequently  we  have,  if  the  beam  be  supported  at  one  end 
only, 

w=/x 

4a 

In  like  manner,  if  the  beam  be  supported  at  both  ends,  the 
weight  being  placed  at  the  middle,  we  shall  have 

w  =/  X . 

If  the  beam  be  square,  its  breadth  will  be  equal  to  its  depth, 
and  the  breaking  weight,  where  there  is  but  one  point  of  sup- 
port, will  be 

4  d 
and  when  there  are  two  points  of  support, 

2a 

From  the  general  principles  here  established  it  is  evident 
that,  so  long  as  the  quantity  of  matter  composing  the  beam,  and 
therefore  its  sectional  area,  remains  the  same,  its  strength  will 
be  augmented  by  any  modification  of  form  which  will  carry  its 
centre  of  gravity  to  a  greater  distance  from  its  lower  surface,  if 
the  beam  have  but  one,  and  from  its  upper  surface,  if  it  have 
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two  points  of  support.  Some  carious  and  instructive  conse- 
quences ensue  from  this. 

Thus,  the  strength  of  a  rectangular  beam,  when  its  narrow 
side  is  horizontal,  is  greater  than  when  its  broad  side  is  hori- 
zontal, in  the  same  proportion  as  the  width  of  its  broad  side  is 
greater  than  the  width  of  it.s  narrow  side.  Hence,  in  all  parts 
of  structures  where  beams  are  subject  to -transverse  strain,  as  in 
the  rafters  of  floors,  roofs,  &c.,  they  are  placed  with  their  nar- 
row sides  horizontal,  and  their  broad  sides  vertical 

If  a ,  beam,  supported  at  two  points,  bear  a  strain  at  any 
intermediate  point,  a  given  quantity  of  matter  composing  it 
will  have  greater  strength  if  it  be  so  formed  that  its  area  shall 
be  less  in  the  upper  part  than  in  the  lower. 


Fig.  299.  Fig.  300. 

Thus,  a  beam  of  triangular  section,  such  as  A  b  c  {fig.  299), 
will  be  stronger  than  a  rectangular  beam  of  equal  section,  such 
as  A  B  0  D  {fig.  300),  because  the  centre  of  gravity  of  the  triangle 
with  its  vertex  upwards  will  be  further  from  b  than  that  of  the 
parallelogram  from  b  d. 

But  if  the  beam  be  supported  at  one  point  only,  then  the 
position  of  the  triangle  must  be  inverted. 

If  a  solid  and  a  hollow  cylinder  of  eq'ual  lengths  have  the 
same  quantity  of  matter,  so  that  their  sectional  areas  shall  be 
equal,  then  their  strength  will  be  proportional  to  the  distances 
of  their  centres  of  gravity  from  their  external  surface.  But 
their  centres  of  gravity  being  at  their  geometrical  centres,  it 
follows  that  the  strength  of  the  solid  cylinder  will  be  less  than 
the  strength  of  the  hollow  cylinder,  in  the  ratio  of  the  diameter 
of  the  solid  cylinder  to  the  diameter  of  the  external  surface  of 
the  hollow  cylinder. 

It  appears,  therefore,  that  the  strength  of  a  tube  is  always 
greater  than  the  strength  of  the  same  quantity  of  matter  made 
into  a  solid  rod ;  the  practical  limitation  of  the  application  of 
this  principle  being,  that  the  thinness  of  the  tube  should  not 
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be  80  great  as  to  cause  a  local  derangement  of  its  form  by  the 
application  of  a  strong  force. 

Innumerable  striking  and  beautiful  examples  of  this  prin- 
ciple occur  in  the  organised  world.  The  bones  of  animals  of 
every  species  are  hollow  cylinders,  thereby  combining  strength 
with  lightness.  The  stalks  of  numerous  species  of  vegetables 
which  have  to  bear  a  weight  at  their  upper  end  are  also  tubes, 
whose  lightness  is  remarkable  when  their  strength  is  considered. 
These  are  intended  to  resist  not  only  the  crushing  weight  of 
the  ear  which  they  bear  at  their  summit,  but  also  the  lateral 
strain  produced  by  the  movement  of  the  air. 

The  quills  and  the  plumage  of  birds,  and  especially  of  their 
wings,  present  a  still  more  striking  example  of  the  application 
of  this  principle  in  the  animal  structure.  The  surface  of  the 
extended  wing  acting  on  the  air  produces  a  strong  transverse 
strain  upon  the  quill,  which  has  a  single  point  of  support  near 
the  joint  of  the  wing. 

The  number  expressed  by  /  in  the  preceding  formulae  is  the 
strength  of  a  beam,  whose  sectional  area  is  the  square  unit, 
which  in  this  case  is  generally  taken  as  the  square  inch.  This 
number  is  always  the  same  for  the  same  species  of  material,  but 
different  for  different  materials.  In  tabulating  the  strength  of 
materials  obtained  from  experiment,  this  is  accordingly  the 
number  which  is  taken  to  designate  the  strength  of  each  species 
-of  substance.  When  this  number  /  is  known,  the  strength  of  a 
beam  of  any  proposed  dimensions  can  be  immediately  calculated 
by  the  formulae ;  for  it  is  only  necessary  to  multiply  this  num- 
ber /  by  the  number  of  square  inches  in  the  sectional  area,  and 
the  number  of  inches  in  the  distance  of  the  centre  of  gravity 
of  this  area  from  the  upper  or  lower  surface,  as  the  case  may 
be,  and  to  divide  the  product  by  the  length  of  the  beam,  and 
the  result  of  this  arithmetical  process  will  give  the  breaking 
weight. 

It  must  be  understood  that  this  weight,  and  the  force  ex- 
pressed by  the  number  /,  are  to  be  expressed  in  the  same 
unit. 

In  ascertaining  by  experiment  the  average  strength  of  each 
material,  the  number  which  it  is  important  to  determine  is, 
therefore,  that  which  is  here  expressed  by/,  and  which  may  be 
considered  the  unit  of  strength ;  because,  this  being  once  deter- 
mined, the  strength  of  a  beam  of  the  proposed  materials  of  any 
.  proposed  denomination  can  be  immediately  computed. 

This  quantity  /  can  be  determined  by  direct  experiment.  If 
the   amount  of   the  breaking  weight  upon  a  beam  of   given 
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dimensions  be  ascertained,  we  shall  know  the  numbers  severally 
expressed  by  w,  h,  d  and  a  in  the  preceding  formnlse ;  and  in 
this  case  we  shall  have 


/-W) 


2  a 

bxd'' 


In  practice  it  will  be  found  that  the  values  obtained  for  the 
number  /  will  bo  subject  to  considerable  variations  in  different 
experiments,  owing  to  casual  inequalities  and  defects  which 
affect  each  particular  beam  submitted  to  experiment. 

The  value  of  /  must,  therefore,  for  each  material,  be  ob- 
tained by  taking  an  average  of  the  results  of  numerous  experi- 
ments, the  casual  inequalities  being  therein  made  to  disappear 
from  the  result  in  proportion  to  the  number  and  variety  of 
trials. 

In  the  following  table  is  given  the  results  of  a  series  of  ex- 
periments made  by  Tredgold  upon  the  transverse  strength  of 
prismatic  beams.  The  numbers  in  the  second  column  represent 
the  values  of  /  in  the  preceding  formulae,  while  the  numbers  in 
the  third  column  express  the  number  of  lbs.  weight  in  a  cubic 
foot  of  the  material  under  experiment: — 


Name 

/* 

lbs.  weight 
in  cubic  foot 

I.  Metals: — 

' 

Malleable  iron  . 

17,800 

475 

Hammered  iron 

487 

Cast  iron  .... 

15,300 

450 

Brass         .... 

6,700 

586-25 

Zinc 

5,700 

439-25 

Tin 

2,880 

4557 

Lead         .... 

1,500 

709-5 

2.   Woods:— 

Oak 

3,960 

52 

Fir  (red  or  yellow)    . 

4,290 

34-8 

Pine  (American  yellow)     . 

3,900 

2675 

Fir  (white) 

3,630 

29-3 

Ash 

3,540 

47-5 

Elm 

2,340 

34 

*  The  numbers  given  by  Tredgold  are  the  values  of 

wx — ^^—. 
4BXD* 

We  have  obtained  the  numbers  given  above  by  multiplying  this  by  4. 
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The  late  Professor  Barlow  has  given  a  table  of  the  strength 
of  beams  to  resist  transverse  strain,  from  which  the  following  is 
extracted.  The  numbers  in  the  second  column  in  this  case  re- 
present the  same  number /as  those  in  the  second  column  of  the 
preceding  table* — 

Teak 9,848 

Poon 8,884 

English  oak,  ist  specimen         ....  4,724 

„  2nd      „  ....  6,688 

Canadian  oak 7,064 

Ash 8,104 

Beech 6,224 

Elm 4,052 

Pitch  pine 6,528 

New  England  fir      .....         .  4,408 

Riga  fir 4,432 

Mar  Forest  fir 5,048 

Larch 4,59^ 

Norway  spar 5,896 

If  the  weight  producing  the  strain  upon  a  beam,  instead  of 
being  concentrated  at  a  single  point,  as  supposed  in  the  oases 
here  investigated,  be  equally  distributed  over  the  whole  beam, 
the  power  of  suspension  becomes  twice  as  great  as  if  it  were 
applied  at  the  middle  point  of  the  beam. 

It  has  been  also  shown  that  each  point  of  the  beam  has  a 
greater  supporting  power  the  nearer  it  is  to  either  point  of  sup- 
port. It  is  evidently,  therefore,  advantageous  in  all  structures, 
in  the  distribution  of  the  weight  upon  them,  to  throw  a  less 
quantity  at  the  centre,  and  to  increase  the  quantity  towards  the 
points  of  support.  In  this  manner  of  loading,  a  far  greater 
weight  may  be  placed  near  the  walls  than  at  the  centre.  In  all 
cases,  however,  a  concentration  of  weight  at  a  single  point  is  to 
be  avoided.  A  sheet  of  ice  which  would  break  under  the  weight 
of  a  skater  would  sustain  the  same  skater  if  his  weight  were 
equally  distributed  over  its  surface.  In  allowing  for  the  weight 
of  the  beam  itself,  this  weight  may  be  considered  as  uniformly 
spread  over  its  surface. 

According  to  Peschel,  the  transverse  strength  of  a  beam  of 
timber  may  be  greatly  increased  by  sawing  down  from  one-third 
to  one-half  of  its  depth,  and  driving  in  a  wedge  of  metal  or  hard 
wood  until  the  beam  is  forced  at  the  middle  out  of  the  hori- 
zontal line,  so  as  to  form  an  angle  presented  upwards.     It  was 
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found  by  experiment  that  the  transverse  strength  of  a  beam 
thus  cut  to  one  third  of  its  depth  was  increased  one  nine- 
teenth ;  when  cut  to  one  half  of  its  depth,  it  was  increased  one 
twenty-ninth ;  and  when  cut  to  three  fourtJis  of  its  depth,  it  was 
increased  one  eighty-seventh. 

It  follows  from  the  principles  which  have  been  explained, 
that  if  any  structure  be  increased  in  magnitude,  the  proportion 
of  its  dimensions  being  preserved,  the  strength  will  be  aug- 
mented as  the  squares  of  the  ratio  in  which  it  is  increased^ 
Thus,  if  its  dimensions  be  increased  in  a  twofold  proportion, 
its  strength  will  be  increased  in  a  fourfold  proportion ;  if  they 
be  increased  in  a  threefold  proportion,  its  strength  will  be  in- 
creased in  a  ninefold  proportion,  and  so  on.  But  it  is  to  be 
considered  that,  by  increasing  its  strength  in  a  twofold  propor- 
tion, its  volume,  and  consequently  its  weight,  will  be  increased 
in  an  eightfold  proportion,  its  volume  and  weight  will  be  in- 
cl-eased  twenty-seven  times,  and  so  on.  Thus  it  is  apparent 
that  the  weight  increases  in  a  vastly  more  rapid  proportion  than 
the  strength,  and  that  consequently,  in  such  increase  of  dimen- 
sions, a  limit  would  speedily  be  attained  at  which  the  weight 
would  become  equal  to  the  strength,  and  beyond  this  limit  the 
structure  would  be  crushed  under  its  own  weight.  On  the  other 
hand,  the  more  below  this  limit  the  dimensions  of  the  structure 
are  kept,  the  greater  will  be  the  proportion  by  which  the 
strength  will  exceed  the  weight. 

The  strength  of  a  structure  of  any  kind  is  therefore  not  to 
be  determined  by  its  model,  which  will  always  be  much  stronger 
relatively  to  its  size.  AU  works,  natural  and  artificial,  have 
limits  of  magnitude  which,  while  their  materials  remain  the 
same,  cannot  be  exceeded.  Small  animals  are  stronger  in  pro- 
portion than  larger  ones.  We  find  insects  and  animalcula 
capable  of  bodily  activity  exceeding  almost  in  an  infinite  degree 
the  agility  and  muscular  exertion  manifested  by  the  larger  class. 
The  young  plant  has  more  available  strength  in  proportion  than 
the  forest  tree. 

An  admirable  instance  of  beneficence  in  the  consequences  of 
this  principle  is,  that  children,  who  are  so  much  more  exposed 
to  accidents,  are  less  liable  to  injury  from  them  than  grown 
persons. 
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CHAPTER  XIX. 

MOVING      POWERS. 

298.  Meeliaiilcal  amenta. — The  natural  forces  used  for  the 
production  of  mechanical  effects  are  very  various.  Those  ap- 
plied to  move  machines,  sometimes  called  prime  movers,  are 
animal  power,  water,  wind,  and  steam.  Besides  these,  however, 
there  are  several  others  which  have  been  applied  on  a  more 
limited  scale  to  particular  purposes,  or  under  special  circum- 
stances. Some  of  these  would  be  altogether  inapplicable  as  movers 
of  macliinery,  because  their  application  and  action  cannot  be 
rendered  sufficiently  constant  and  uniform.  Others  would  be 
applicable ;  but  their  use  has  been  hitherto  excluded  because  of 
the  expense  which  attends  their  production. 

299.  Tlie  dynamical  anlti — Since  all  moving  powers  are 
applied  to  overcome  resistances,  and  all  resistances  can  be  re- 
presented by  equivalent  weights,  while  the  spaces  through 
which  they  are  urged  can  be  represented  by  corresponding 
heights,  the  effect  produced  by  a  moving  power  is  always  ex- 
pressed by  a  certain  weight  raised  a  certain  height.  Thus,  for 
example,  if  a  horse  draw  a  loaded  waggon  with  a  force  by  which 
the  traces  are  stretched  with  the  same  force  as  if  2co  lbs.  were 
suspended  vertically  from  them,  and  if  the  horse  thus  acting 
^raw  the  waggon  over  a  space  of  icx)  feet,  the  mechanical  effect 
produced  is  said  to  be  200  lbs.  raised  100  feet ;  or,  what  is  the 
same,  20,000  lbs.  raised  i  foot. 

In  the  expression,  therefore,  of  mechanical  effects,  it 
must  be  understood  that  the  dynamical  unit  adopted  is  i  lb. 
raised  i  foot,  and  that  the  effect  produced  by  any  moving  power 
or  mechanical  agent  is  expressed  by  an  equivalent  number  of 
such  units.  We  shall,  however,  return  to  this  unit  in  the  next 
chapter. 

The  great  convenience  attending  this  conventional  mode  of 
expression  is,  that  the  mechanical  effects  produced  in  different 
times,  places,  and  circumstances  by  different  mechanical  agents 
can  be  immediately  compared  one  with  another,  and  their  nu- 
merical ratio  ascertained. 

300.  Maoliines  and  tools. — It  happens  rarely  that  a 
natural  mechanical  agent  is  applied  immediately  to  the  object 
on  which  it  is  intended  to  act.  In  most  cases  some  instrument 
or  expedient  is  interposed  which,  when  its  form  is  simple  and  its 
magnitude  small,  is  called  a  tool,  and  when  greater  and  more 
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complex,  a  rrMchhie,  The  line  of  distinction,  however,  between 
tools  and  machines  is  not  clearly  defined;  for  we  sometimes 
find  large  and  complicated  machines,  such,  for  example,  as  those 
used  for  planing,  punching,  and  boring  metal,  called  tools. 

The  expedient  by  which  an  agent  acts  upon  an  object,  not 
immediately,  but  by  the  intervention  of  a  tool,  is  a  mark  of 
intelligence  which  has  been  considered  by  some  as  the  most 
conspicuous  distinction  between  man  and  the  lower  animals. 
Many  of  these  display  unmistakeable  evidence  of  skill,  sagacity, 
and  reasoning  under  circumstances  which  will  not  allow  of  the 
supposition  of  mere  instinct ;  but  we  believe  that  no  example 
can  be  found  among  the  lower  animals  of  the  production  of  any 
eftect  upon  objects  external  to  them  otherwise  than  by  the  im- 
mediate use  of  those  members  or  organs  with  which  Nature  has 
furnished  them,  but  never  by  the  intervention  of  anything 
analogous  to  a  tool. 

301.  Animal  power. — The  strength  of  animals  may  be  em- 
ployed as  a  moving  power  in  various  ways:  the  animal  may 
remain  without  change  of  position,  working  by  the  action  of  its 
members,  as  when  a  man  works  at  a  windlass ;  or  it  may  ad- 
vance progressively,  transferring  its  own  body,  and  carrying, 
drawing,  or  pushing  a  load.  The  mechanical  effect  produced  by 
such  a  power  is  subject  to  extreme  variation,  according  to  the 
.  various  conditions  under  which  it  is  exerted  ;  and  in  an  econo- 
mical point  of  view  it  is  therefore  of  extreme  importance  to 
determine,  with  respect  to  each  animal,  the  circumstances  and 
conditions  under  which  the  greatest  amount  of  useful  effect  can 
be  obtained. 

In  considering  this  question,  two  extreme  cases  present 
themselves  in  which  the  useful  effect  altogether  vanishes,  and 
between  which  it  continually  varies,  increasing  gradually  from 
nothing  to  a  maximum  quantity,  and  then  decreasing  again  to 
nothing. 

There  is  a  certain  amount  of  load  or  resistaiice  which  re- 
quires the  entire  strength  of  the  animal  to  sustain,  no  force 
remaining  for  producing  motion.  Thus,  we  can  conceive  a  load 
which  a  man  or  horse  is  just  able  to  support,  but  unable  to  move; 
in  his  case,  therefore,  the  useful  effect  is  nothing  ;  in  other 
words,  no  work  is  done. 

We  can  conceive,  on  the  other  hand,  a  speed  of  motion  so 
great  that  with  it  the  animal  is  unable  to  carry  or  draw  any 
load,  however  small.  At  all  intermediate  speeds,  however, 
some  load  mdre  or  less  can  be  carried  or  drawn,  the  amount  of 
such  load  being  obviously  greater  as  the  speed  is  less.     A  horse 
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can  draw  a  greater  load  at  three  miles  an  hour  than  at  ten  milea 
an  hour.  The  useful  effect  of  the  agent  being,  however,  mea- 
sured by  multiplying  the  load  by  the  speed,  it  is  evident  that  if 
either  the  load  or  speed  be  unduly  diminished,  the  useful  effect 
will  consequently  be  diminished,  and  there  is  a  certain  relation 
or  proportion  between  the  load  and  speed  which  will  give  a 
maximum  effect.  This  relation  is  not  only  different  with  diffe- 
rent animals,  but  varies  even  with  the  same  animal,  according 
to  the  different  ways  in  which  it  acts. 

If  the  force  of  a  man  be  applied,  for  example,  to  the  mere 
elevation  of  a  weight,  without  any  reference  to  the  continuance 
of  its  action,  it  is  foimd  that  the  most  advantageous  mode  of 
exerting  the  force  is  when  he  endeavours  to  raise  a  weight 
placed  between  his  legs.  The  greatest  weight  which  can  be 
raised  in  this  case  varies  from  400  lbs.  to  600  lbs. ,  according  to 
the  strength  of  the  individual :  its  average  amount,  however,  is 
much  less,  not  exceeding  250  lbs. 

The  force  which  can  be  exerted  by  human  strength  varies, 
as  has  been  already  observed,  extremely,  according  to  the  way 
in  which  it  is  applied.  Thus,  if  men  work  at  a  pile-engine, 
such  as  represented  in  fig.  314,  it  is  found  that  each  can  pull 
with  a  force  sufficient  to  raise  about  144  lbs.  weight  of  the  ram 
I  foot  high,  and  that  working  thus  they  can  make  about  20 
strokes  per  minute,  which,  being  continued  for  4  or  5  minutes, 
they  require  to  recruit  their  strength  by  an  interval  of  repose. 

When  men  work  at  a  capstan,  it  is  found  that  each  can  exer- 
cise a  force  of  about  28  lbs.  on  the  extremity  of  the  lever  which 
he  pushes,  and  that  with  this  force  the)  can  move  at  the  rate  of 
about  10  feet  per  minute. 

When  a  man  works  at  a  winch,  of  which  the  arm  is  from  12 
to  14  inches  from  the  centre  on  which  it  revolves,  it  is.  found 
that  he  can  exercise  a  force  of  about  16  lbs.  on  the  handle,  and 
can  make  from  20  to  25  turns  per  minute. 

In  general,  however,  human  labour  produces,  in  the  long 
run,  the  greatest  effect  when  it  is  exercised  with  frequent  inter- 
vals of  rest;  and  accordingly  the  greatest  effect  is  produced 
when  an  animal  ascends,  raising  nothing  but  its  own  weight, 
and  produces  the  mechanical  effect  by  that  weight  itself  in 
descending,  so  that  the  animal  actually  reposes  in  the  interval, 
during  which  the  mechanical  effect  is  produced. 

Thus,  for  example,  if  two  baskets  be  connected  by  a  rope 
which  passes  over  a  pulley  at  the  level  to  which  heavy  matter  is 
to  be  raised,  the  length  of  the  rope  being  such  that  when  one  of 
the  baskets  is  brought  up  to  that  level  the  other  shall  have 
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descended  to  the  level  from  which  the  heavy  matter  is  to  be 
elevated,  the  lower  basket 
being  charged,  let  one  or 
more  men  get  into  the 
upper  basket,  so  as  to  give 
it,  by  their  weight,  a  suf- 
ficient preponderance  to  I 
make  it  descend,  drawing 
up  the  lower  basket  with 
its  load.  When  the  latter 
has  been  brought  up  and 
discharged  at  the  upper 
level,  the' men  leave  the 
lower  basket  and  charge 
it,  when  men  at  the  upper 
level  get  into  the  upper 
basket,  and  again  bring 
up  the  lower  basket  as 
before.  Meanwhile,  the 
men  who  had  previously 
gone  down  again  ascend 
to  the  upper  level  by  a 
ladder  or  staircase.  In 
this  manner  the  work  may 
be  continued  without  any 
intermission,  the  labour 
of  the  men  consisting 
exclusively  in  elevating 
the  weights  of  their  own 
bodies  while  ascending 
the  ladder  or  staircase. 

It  is  found  by  experi- 
ments, conducted  upon  a 
large  scale,  that  men 
working  in  this  manner 
for  eight  houi-s  a  day 
can  produce  in  each  day 
an  effect  equivalent  to 
2,000,000  lbs.  raised  i 
foot.  , 

The  great    advantage  j^ 

obtained  by  this  mode  of 

applying  animal  force  will  be  apparent,  when  it  is  stated  that 
the  man  who  can  thus  produce  an  effect  of  two  millions  of 
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pounds  could  not  produce,  in  working  at  a  windlass,  a  greater 
efi'ect  than  a  million  and  a  quarter ;  while,  if  he  acted  upon  a 
pile-engine,  such  as  that  represented  in  fig.  314,  he  would  pro- 
duce an  effect  of  only  three-quarters  of  a  million. 

An  apparatuM  such  as  that  here  described  is  represented  in 
fi^.  301.  It  was  employed  in  making  the  earth- works  at  Vin- 
cennes,  near  Paris,  and  was  found  to  be  attended  with  great 
economy. 

Analogous,  though  not  quite  identical  with  this  mode  of 
action,  are  the  tread-mill*  and  the  ladder- wheel  which  are  repre-^ 
sented  in  fi^s,  172  and  174.  In  these  cases  the  labour  is  ex- 
pended upon  the  continual  elevation  of  the  body,  which,  how- 
ever, descends  as  fast  as  it  is  elevated.  The  daily  eflfect  produced 
*  by  men  of  the  average  strength  working  in  this  way  for  eight 
hours  is  found  to  be  equivalent  to  1,875,000  lbs.  raised  i  foot. 


Fig.  302. 

Thus  it  appears  that  this  method  of  employing  hiunan  force  is  a 
little  less  advantageous  than  the  method  of  ascent  and  descent, 
described  above,  which  produces  a  daily  effect  of  2,000,000. 

The  comparative  disadvantage,  slight  as  it  is,  is  explained  by 
the  fact  that  in  the  one  case  the  labour  is  intermitting,  frequent 
intervals  of  repose  alternating  with  those  of  labour,  the  most 
advantageous  conditions  under  which  animal  force  can  be  em- 
ployed ;  while  in  the  other  case  the  labour  is  continuous.  ^ 

Spade  labour (/gf.  302) is  erne  of  themostdisadvantag:eousfor»pe  ^ 
in  which  human  force  can  be  applied.  The  spade  or  shwt^r  \%^^^ 
lever  of  the  first  or  third  kind,  according  as  the  one  hand  ri^®  ^\^^ 
other  applied  to  its  handle  is  regarded  as  the  fulcrum,  the^^*^®  ^u 
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being  the  power,  and  the  earth  taken  up  upon  it  being  the 
weight.  And  since  that  part  of  the  handle  included  between 
the  two  hands  is  always  less  than  that  between  the  lower  hand 
and  the  earth,  th&  force  exerted  is  always  greater  than  the 
weight  of  the  earth  raised.  Another  mode  of  applying  labour 
of  men  is  shown  in  Jig.  303  ;  it  is  somewhat  more  advantageous 
than  the  tread-milt,  and  considerably  more  so  than  spade-labour. 

In  all  extensive  works,  such,  for  example,  as  the  formation 
of  embankments  on  railways,  the  labour  is  executed  by  con- 
tract, the  qu&ntity  of  work  being  determined  by  the  number  of 
cubic  yards  of  earth  excavated  and  raised  to  a  given  height,  or 
transported  to  a  given  distance.  The  number  of  cubic  yards  is 
computed  by  multiplying  the  superficial  extent  of  the  excava- 
tion, measured  horizontally,  by  its  average  depth. 

In  the  formation  of  railways,  the  surveying  engineer  endea- 
vours, as  far  as  possible,  to  render  the  quantity  of  earth-work 
in  the  cuttings,  by  which  the  road  is  carried  through  elevations^ 
equal  to  the  quantity  necessary  to  form  the  embankments 
by  which  it  is  carried  across  the  adjacent  and  intermediate 
Valleys.  In  this  case  the  quantity  of  labour  is  computed  by 
taking  the  average  distance  between  all  the  points  of  the  cutting 
and  all  the  points  of  the  embankment,  and  assuming  that  the 
entire  quantity  of  earth  excavated  in  the  cutting  must  be  trans- 
ported over  this  distance. 

It  rarely  happens,  however,  that  this  exact  equilibrium  is 
attainable  between  the  cuttings  and  embankments.  If  the  earth 
of  the  cutting  be  in  excess,  the  surplus  is  deposited  in  the 
nearest  convenient  place,  forming  what  is  called  a  spoil-hank; 
and  if  the  earth  of  the  cutting  fall  short  of  the  quantity  neces- 
sary for  the  embankment,  the  deficiency  is  made  up  by  excava- 
tions made  in  the  ground  beside  the  embankment,  called  side- 
sittings. 

302.  Borse  power. — Before  the  invention  and  improvement 
of  the  steam-engine,  horses  were  very  extensively  used  as 
moving  agents;  and  although  their  application  to  machinery 
is  now  much  less  frequent,  it  is  still  resorted  to,  especially 
in  places  where  fuel  is  expensive.  Much  of  what  has  been 
said  of  the  relative  advantage  of  so  applying  the  labour  of 
men  is  also  applicable  to  that  of  othjjr  animals  ;  and  accordingly 
one  of  the  most  advantageous  methods  of  applying  such  labour  is 
that  represented  in  Jig.  173,  which  is  upon  the  principle  of  the 
tread-mill,  and  in  which  the  animal  uses  its  strength  in  con- 
tinually endeavouring  to  ascend,  while,  by  the  nature  of  the 
jjl  machine,  those  efforts  are  continually  frustrated  by  its  descent* 
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It  is  found,  however,  in  practice,  that  the  most  convenient 
method  of  applying  horse-power  to  machinery  is  by  means  of  » 
large  toothed  wheel  fixed  on  a  strong  vertical  axis,  and  therefore 
turning  horizontally ;  to  the  arms  of  this  wheel  two  or  more 


Fig-  303' 

horses,  called  machiners,  are  yoked  in  such  a  manner  as,  by 
travelling  constantly  in  a  circle  of  which  the  axle  of  the  wheel  is 
the  centre,  and  thus  pushing  against  their  collars,  to  make  the 
wheel  revolve.    The  wheel  in  this  case  may  have  the  form  called 


Fig.  304. 
a  crown  wheelj  as  represented  in  Jig.  304,  in  which  case  it  gives 
motion  to  a  horizontal  shaft  by  means  of  a  spur-pinion  or  basket 
fixed  on  that  shaft  on  which  it  acts  ;  or  the  same  object  may  be 
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attained,  perhaps  preferably,  by  a  bevelled  wheel  acting  on  a 
bevelled  pinion,  as  explained  in  art.  215. 

The  greatest  average  maximum  force  which  a  horse  can 
exert  in  drawing  is  about  900  lbs. ;  but  when  he  works  con- 
tinuously, the  force  exerted  will  l>e  much  less  than  this.  A 
good  draught-horse  working  6  days  a  week  for  16  hours  per  day, 
and  travelling  5  miles  an  hour,  will  bear  a  tractive  force  of 
about  1 10  lbs.,  and  his  daily  labour  will  be  equivalent  to  about 
10,000,000  lbs.  raised  i  foot.  A  horse  driving  a  machine,  as 
represented  in^.  304,  produces  a  somewhat  less  effect  than  a 
draught-horse.  To  prevent  the  animal  from  needless  fatigue  by 
travelling  in  too  small  a  circle,  the  arm  to  which  he  is  yoked 
should  have  a  lengfch  of  not  less  than  20  feet. 

The  effect  produced  by  a  horse  of  average  strength  so  work- 
ing is  found  to  be  equal  to  that  of  7  average  men  working  at  a 
windlass. 

The  average  effect  produced  per  second  of  time  by  a  ma- 
chiner  is  equivalent  to  about  300  lbs.  raised  i  foofc. 

An  ox  harnessed  to  a  vehicle  can  exercise  a  tractive  force 
equal  to  that  of  a  horse,  but  he  produces  less  than  half  the  effect, 
owing  to  his  natural  slowness  ;  but  as  a  machiner,  where  speed 
is  not  required,  the  efficiency  of  an  ox  is  nearly  equal  to  that  of 
a  horse. 

An  ass  of  average  force  acting  as  a  machiner  has  about  one- 
fourth  of  the  efficiency  of  a  horse. 

When  it  is  considered  how  very  variable  animal  power  is, 
whether  we  compare  one  animal  of  the  same  species  with  an- 
other, or  even  the  same  animal  with  itself,  at  different  times  and 
under  different  circumstances,  it  will  be  easily  understood,  that 
the  estimates  of  different  observers  of  the  average  force  exer- 
cised by  each  species  of  animal  differ  considerably ;  *  it  will, 
therefore,  be  useful  here  to  give  a  few  of  the  most  generally 
received  of  these  estimates. 

In  the  following  table  are  shown  the  estimates  made  by  the 
observers  named  in  the  first  column,  of  the  average  speed 
with  which  a  man  can  walk  without  a  load,  for  any  continu- 
ance : — 


Observer 


Feet  per  second 


Schulze 
Bernoulli  . 

Guenyveau 


5*37 

656 

from  6  56 

to  9-84 


Miles  per  hour 


3*66 

4*47 

from  4*47 

to  670 


Digitized 


by  Google 


350  THEORY  OF  MACHINERY. 

The  average  powers  exerted  by  a  man  employed  in  working 
a  pump,  turning  a  winch,  ringing  a  bell,  and  rowing  a  boat  are, 
according  to  Mr.  Buchanan,  in  the  proportion  of  the  numbers 
loo,  167,  227,  and  248.  It  follows  from  this  that  the  act  of 
rowing  is  that  in  which  the  force  is  exerted  with  most  ad- 
vantage. 

According  to  Mr.  Peroh,  the  following  is  the  average  relative 
power  exerted  by  men  employed  in  continuous  labour  in  the 
countries  indicated  : — 

England 71-4 

France 69*2 

Timor 587 

Van  Diemen's  Land 51*8 

New  Holland 50*6 

According  to  Tredgold,  the  average  speed  with  which  a 
horse  can  travel  without  a  load  will  vary  according  to  the  num- 
ber of  hours  per  day  he  works,  as  shown  in  the  following 
table  : — 


Time  of  March  in 
Hoars 

Greatest  velocity 
in  Miles  per  Hour 

Time  of  March  in 
1            hours 

Greatest  Velocity 
in  Miles  per  Hour 

I 
2      . 

3 
4 

5 

lo*4. 
8-5 

Pe 

6 

7 
8 

9 
10 

60 

5'5 
5-2 

4-6 

According  to  observations  made  upon  the  performance  of 
draught  horses  in  Scotland,  it  appears  that  the  average  load, 
which  a  single  horse  can  draw  at  the  rate  of  22  miles  per  day  in 
a  cart  weighing  7  cwt.,  is  a  ton. 

The  following  estimates  of  the  relative  forces  of  a  man  and 
other  animals  have  been  given  by  the  authorities  whose  names 
are  indicated.  Coulomb's  estimate  of  the  labour  of  a  man  being, 
in  each  case,  taken  as  the  unit : — 

Carrying  loads  on  the  back  on  a  level  road  : — 

Horse,  according  to  Brunacci    .         .         .         .         4*8 
,,       according  to  Westermann      .         .         .         6'i 

Mule,  according  to  Brunacci 7  '6 

In  drawing  loads  on  a  level  road  with  a  wheeled 

vehicle  : — 
,        Man  with  wheelbarrow,  according  to  Coulomb        lO'O 
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In  di  awing  loads  6n  a  level  road  with  a  wheeled 
vehicle  : — 
Horse  in  four-wheeled  waggon,   according  to 

Wesermann '75  *o 

Do.  in  tw^o- wheeled  cart,  according  to  Bninacci     243  o 
Mule  „  ,,  233-0 

Ox  „  ,,  1220 

Hassenfratz  gives  the  following  comparative  estimates  : — 

In  carrying  loads  on  a  level  road  : — 

Man  .         .         .         .         .                            .         .  I'o 

Horse 80 

Mule .         .  80 

Ass    .         .         .         .         .  .         .         .4*0 

Camel 31*0 

Dromedary        .         .         .         .         .         .         .  25*0 

Elephant '47  o 

Dog I  -o 

Reindeer   .         .         .         .         .         .                  .  3*0 

In  drawing  a  load  on  a  level  road  : — 

Man I  -o 

Horse         .         .         .         .         .         .         .         .  7  'o 

Mule          .         .         . yo 

Ass     ........."   2'0 

Ox 4  to  7*o    - 

Dog o*6 

Reindeer   ....         ....       0*2 

303.  Steam-borse. — Everyone  is  familiar  with  the  term 
horse-power  as  applied  generally  to  steam-engines,  as  well  as  to 
water  mills  and  other  machines,  but  few  have  a  definite  notion 
of  its  import ;  horse-power  thus  applied,  is  a  term  merely  con- 
ventional, having  no  reference  whatever  to  the  actual  work 
of  the  animal  from  which  its  name  is  taken.  A  steam-engine 
which  is  capable  of  a  mechanical  eflect  per  minute  equivalent  to 
33,cxx)  lbs.  raised  i  foot,  is  a  steam-engine  of  i  horse  power  ; 
and  in  general,  if  the  effect  produced  per  minute  by  any  ma- 
chine, whatever  be  the  power  which  impels  it,  be  expressed  as 
usual  by  an  equivalent  number  of  lbs.  weight  raised  through 
a  certain  space,  the  number  of  horse-power  which  the  machine 
is  said  to  have  will  be  found  by  dividing  the  number  which  ex- 
presses its  mechanical  effect  in  foot-pounds  by  33,000. 

304.  IVater-power. — This  power  is  rendered  available  for 
the  motion  of  machinery  by  intercepting  its  fall  or  progress  by 
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wheels  having  buckets  or  leaves  at  their  circumference,!  ^fstm^^  ^ 
which  the  water  acts  either  by  its  impact  or  weight  so    adin^ 
keep  them  in  revolution  with  a  corresponding  force  ;  the;     \  ^ 
and  effect  of  these  wheels,   however,  is  explained  more    iKam  ^;| 
in  the  treatise  on  Hydrostatics  in  this  series.  ^%a  * 

305.  "Wind-power. — The  force  of  the  atmosphere  in  motii*^^^ 
is  rendered   available  as  a  mover  for  machinery  by  means  o*^  . 
arms,  called  sails,  which  are  driven  round  in  a  plane  nearly 
vertical,  giving  revolution  to  a  horizontal  axis.    These  machines     ^ 
are  also  explained  more  fully  under  the  head  of  pneumatics  in 
the  volume  mentioned. 

306.  Steam-power. — When  heat  is  applied  in  sufficient 
quantity  to  water,  the  liquid  is  converted  into  vapour  which  has 
ail  the  mechanical  qualities  of  air,  being  elastic,  expansive,  and 
compressible.  Its  expansive  force  cannot  be  said  to  have  any 
practical  limit,  but  fche  space  through  which  it  acts  will  decrease 
in  nearly  the  same  proportion  as  that  in  which  its  intensity  in- 
creases ;  thus,  if  it  be  confined  by  a  resistance  equivalent  to  a 
pressure  of  15  lbs.  per  square  inch,  the  steam  will  move  the 
resistance  until  it  has  swelled  to  about  1,700  times  the  bulk  it 

'  occupied  as  water.  If  the  resistance  is  30  lbs.  per  square  inch, 
it  will  move  it,  until  it  has  obtained  a  space  equal  to  about  850 
times  its  bulk  as  water,  and  so  on. 

It  follows  from  this,  that  when  water  contained  in  a  vessel 
such  as  a  cylinder,  confined  by  a  movable  piston  pressing  on  it 
with  a  force  of  1 5  lbs.  per  square  inch,  is  converted  into  steam, 
the  piston  will  be  raised  through  about  1,700  inches  for  every 
inch  of  depth  of  the  water  evaporated.  A  moving  force  would, 
therefore,  be  developed  equivalent  to  a  weight  of  15  lbs.  raised 
1,700  inches,  or,  in  a  round  number,  150  feet;  this  would  be  in 
effect  the  same  as  15  times  150  lbs.,  or  2,250  lbs.  raised  i  foot. 
It  may,  therefore,  be  stated  in  round  numbers,  that  when  a  cubic 
inch  of  water  is  evaporated  a  mechanical  force  is  produced  equi- 
valent to  that  required  for  lifting  a  ton  weight  i  foot  high.  It 
does  not  matter  under  what  pressure  the  evaporation  is  pro- 
duced, since  any  increase  of  pressure  will  be  attended  with  a  pro- 
portionate decrease  of  the  space  through  which  the  resistance  is 
moved. 

The  water,  however,  must  in  this  case  be  regarded  merely  as 
a  medium,  by  which  the  mechanical  effects  of  heat  are  evolved. 
The  real  moving  power  is  primarily,  not  the  water,  but  the  com- 
bustible by  which  heat  is  produced,  and  that  combustible  being 
usually  pit  coal,  it  becomes  a  question  of  the  highest  economical 
importance  to  determine  the  average  quantity  of  coal  which  is 
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consumed  in  the  evaporation  of  a  given  quantity  of  water, 
and  in  the  consequent  production  of  a  given  amount  of  work. 

The  consumption  of  coal  in  the  evaporation  of  water  in 
steam  boilers,  varies  considerably  according  to  the  circum- 
stances under  which  the  fuel  is  applied.  In  Cornwall,  however, 
where  the  conditions  most  favourable  to  economy  are  strictly 
observed,  it  has  been  found  that  in  experiments  conducted 
under  circumstances  of  the  greatest  precision,  a  bushel  of  coal, 
that  is,  84  lbs.  weight,  of  good  quality,  has  produced  a  me- 
chanical eittect  equivalent  to  i2o,cxx),cxx)  lbs.  raised  i  foot.  This 
must,  however,  be  regarded  as  an  extreme  experimental  result. 
We  may  take,  perhaps,  ioo,(XX>,ooo  foot-pounds  as  the  maximum 
mechanical  effect  attainable  in  regular  work  by  the  combustion 
of  a  bushel  jof  coals. 

Since  it  has  been  shown  that  the  average  maximum  daily 
work  of  a  man,  working  under  the  most  favourable  circumstances, 
is  2,000,000  units,  and  that  of  a  horse  10,000,000,  it  follows 
that  I  bushel  of  coals  consumed  daily  can  perform  the  work  of 
50  men  or  10  horses. 

It  has  been  computed,  on  data  such  as  these,  that  the  mate- 
rials of  which  the  great  pyramid  of  Egypt  is  formed,  could  have 
been  raised  from  the  ground  to  their  actual  position  by  the  com- 
bustion of  something  less  than  700  tons  of  coal.  Herodotus 
states  that  100,000  men  were  employed  for  20  years  in  raising 
this  structure. 

The  Menai  bridge  consists  of  about  2,000  tons  of  iron,  placed 
at  a  height  of  1 20  perpendicular  feet  above  the  water  level ;  its 
entire  weight  could  have  been  raised  to  that  height  by  the  com- 
bustion of  400  lbs.  weight  of  coals. 

A  train  of  carriages  weighing  80  tons,  and  conveying  240  pas- 
sengers, is  drawn  from  Liverpool  to  Biruiingliam  and  back  by 
the  combustion  of  4  tons  of  coke,  the  cost  of  which  is  5L  To 
carry  the  same  number  of  passengers  daily,  in  stage  coaches,  on 
a  common  road  would  rec^uire  an  establishment  of  20  coaches 
and  3,800  horses. 

The  circumference  of  the  earth  measures  about  25,000  miles  ; 
if  it  were  girt  with  an  iron  railway,  such  a  train  would  be 
drawn  round  it  in  five  weeks,  by  the  combustion  of  about  500 
tons  of  coke. 

307.  Sprlngrs  and  weigrbts. — In  a  certain  sense,  springs 
and  weights  may  be  considered  as  moving  powers;  they 
are,  in  fact,  the  movers  in  all  watch  and  clock  work.  It  must 
be  observed,  however,  that  the  title  of  movers  cannot  be  given 
to  them  in  the  same  absolute  sense  as  that  in  which  it  is  applied 
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to  the  several  powers  which  we  have  described  above.  It  has 
been  already  explained  that  when  a  watch  or  clock  is  wound  up, 
the  force  which  is  exerted  by  the  hand  is  expended  in  coiling 
up  the  main  spring  or  elevating  the  weight,  and  that  the  motion 
of  the  watch  or  clock  from  that  moment  until  it  ceases  is  merely 
produced  by  the  spring  or  weight  giving  back  by  slow  degrees 
and  during  a  comparatively  long  interval  the  force  which  was 
exerted  by  the  hand  in  winding  them  up.  Strictly  speaking, 
therefore,  the  moving  power  is  in  this  case  the  force  of  the 
hand,  and  the  spring  or  weight  is  merely  the  .depository  in 
which  that  force  is  stored  up,  and  from  which  it  is  given  out 
until  it  is  completely  exhausted,  when  the  clock  ceases  to  move. 

308.  Forces  produced  by  beat. — It  is  a  physical  law  of 
higli  general' *iy  that  when  heat  is  impai*ted  to  or  withdrawn 
from  a  body,  expansion  or  contraction  is  produced.  The  force 
\N^ith  which  such  expansion  or  contraction  takes  place  has  been 
sometimes  used  as  a  moving  power  or  mechanical  agent. 

Air  being  eminently  susceptible  of  such  expansion  and  con- 
traction by  variation  of  temperature,  attempts  have  been  made, 
with  u  Dre  or  less  success,  to  apply  the  force  of  such  expansion 
and  contraction  as  a  moving  power.  One  of  the  more  recent 
and  ingenious  of  tliese  projects  is  the  caloric-engine  invented  by 
Captain  Ericson  as  a  substitute  for  the  steam-engine.  This 
engine  has  been  constructed  on  a  large  scale,  and  tried  experi- 
mentally at  New  York  in  the  propulsion  of  a  vessel.  The  piston 
is  urged,  as  in  the  steam-engine,  on  one  side  by  the  expansive 
force  of  heated  air,  the  resistance  of  the  air  on  the  other  side 
boing  diminished  by  a  great  reduction  of  temperature. 

Hitlierto  the  application  of  such  air  and  gas  engines  has  not 
been  very  successful,  in  a  practical  sense ;  they  are  mostly  re- 
poi-ted  to  have  operated  with  a  certain  efficiency,  but  under  con- 
ditions not  favourable  to  economy. 

The  expansion  and  contraction  of  metals  has  been  used  with 
great  success  in  luany  places  as  a  mechanical  agent  where  great 
force  has  been  re(iuired  to  be  exerted  through  small  spaces  ; 
examples  of  this  have  already  been  given: 

309.  Mecbanical  force  of  congrelation. — Water  at  a  cer- 
tain point  of  the  thermal  scale  exhibits  a  striking  exception  to 
the  general  law  of  contraction  by  cold.  Just  before  congelation 
commences,  the  reduction  of  its  temperature  is  attended,  not 
with  contraction,  Imt  with  expansion  ;  and  this  expansion  takes 
l)lace  with  irresistible  force.  When  water,  having  percolated 
into  the  fissures  and  clefts  of  rocks,  is  frozen  there,  the  force 
with  which  it  expands  in  the  process  of  congelation  is  such  that 
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It  has    ^  ^^  ^P^^  asunder,  and  fragments  of  enormous  weight 
Jound  up,    J^itucle  are  detached  from  them. 
d  in  coiling    i  force  has  been  sometimes  applied  artificially  for  the 
;  the  motion    ^of  large  masses  of  stone. 

is  merelv^^^^®^'®"''^*'^'^®'^®  force. — By  expedients  which  are  fully  • 
"led  in  the  volume  on  Electricity  in  this  series,  a  mass  of 
m  can  be  rendered  instantaneously  magnetic,  and  as  in- 
meously  deprived  of  its  magnetism  ;  and  these  aliierations 
magnetic  condition  can  be  made  to  succeed  each  other  at 
desired  rate,  however  rapid.     The  magnetism  imparted  to 
may  also  have  any  desired  intensity.    It  is,  therefore,  easy  to 
lagine  that  such  a  piece  of  iron  will  attract  another  situated  at 
limited  distance  from  it,  with  a  certain  definite  force  while  it 
magnetic,  and  that  the  moment  ifc  loses  its  magnetism,  the 
iron  which  it  had  thus  attracted  may  be  made  to  recoil  from  it 
either  by  its  weight,  by  the  reaction  of  a  spring  attached  to  it, 
or  by  any  other  convenient  means.     A  force,  acting  alternately 
in  one  direction  and  another,  of  definite  intensity,  will  thus  be 
produced,  which  may  be  applied  as  a  moving  power  in  the  same 
manner  exactly  as  that  in  which  the  -alternate  motion  of  the 
piston  of  a  steam-engine  is  applied. 

Various  attempts  have  been  made  to  render  this  available  as 
a  general  moving  power  for  machinery  ;  but  although  the  desired 
eftect  has  been  in  many  cases  attained,  the  expense  has  hitherto 
so  much  exceeded  that  of  steam  power,  that  no  successful  prac- 
tical result  has  been  attained,  except  in  a  few  cases.  In  the  work- 
shop of  M.  Froment,  a  well-known  philosophical-instrument- 
maker  of  Paris,  electro-magnetism  has  for  some  years  been  used 
as  a  moving  power  for  the  mechanism  by  which  the  divisions 
are  engraved  upon  the  limbs  of  circles,  quadrants,  and  other 
similar  instruments  of  precision.  The  mode  of  applying  elec- 
tricity to  mechanical  appliances  for  producing  motion  is  ex- 
plained fully  in  the  above-mentioned  volume  in  this  series. 

311.  Cbemical  agrency . — A  great  variety  of  powerful  me- 
chanical effects  are  produced  by  the  chemical  combination  or 
decomposition  of  bodies.  These  phenomena,  however,  are 
generally  developed  under  circumstances  and  condit'ons  which 
render  their  application  as  mechanical  agents  often  difficult,  and 
sometimes  impracticable.  The  circumstances  under  which  the 
mechanical  force  is  thus  developed  are  generally  those  in  which 
solid  or  liquid  bodies  of  comparatively  small  dimensions  are 
suddenly  converted  into  gaseous  bodies  of  great  volume,  the 
change  being  usually  attended  with  a  large  and  intense  develop- 
ment of  heat.     The  gasesthus  evolved  at  a  high  temperature, 
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expanding  with  prodigious  force,  drive  before  them  whatever 
resistances  may  be  opposed  to  their  dilatation. 

One  of  the  most  familiar  examples  of  this  class  of  pheno- 
mena, and  that  which  has  been  most  extensively  applied,  is 
>  gunpowder.  This  substance  is  a  mixture  of  nitre,  charcoal, 
and  sulphur,  all  in  a  very  pure  state,  and  in  certain  definite 
proportions  ;  thus,  in  loo  lbs.  weight  of  gunpowder  there  are 
generally  75  lbs.  of  nitre,  15  lbs.  of  charcoal,  and  10  lbs.  of 
sulphur.  These  proportions  are  subject  to  a  small  variation  in 
different  qualities  of  powder,  which  need  not  be  noticed  more 
particularly  here. 

When  a  spark  is  applied,  the  charcoal  and  the  sulphur  heated 
by  it,  attract  the  oxygen,  which  is  one  of  the  constituents  of  the 
nitre ;  and,  combining  with  it,  form  gases,  called  carbonic  oxide, 
carbonic  acid,  and  sulphurous  acid  gas ;  while  another  constituent 
of  the  nitre,  disengaged  from  the  oxygen,  is  thegas  called  nitrogen, 
or  azote.  The  result,  therefore,  of  the  phenomenon  is  the  instan- 
taneous evolution  of  a  mixture  of  the  four  gases  above-named  ; 
this  evolution  being  attended  with  such  intense  heat,  that  the 
gases  are  incandescent,  or  luminous.  It  is  found  that  the  gun- 
powder, in  this  process  of  explosion,  swells  into  2,000  times  its 
volume.  Count  Rumford  found  that  28  grains  of  gunpowder, 
screwed  into  a  cylindrical  space  within  a  piece  of  iron,  tore  it 
asunder  with  a  force  of  400,000  lbs. 

312.  Oan  cotton. — If  a  piece  of  common  raw  cotton,  usually 
called  cotton  wool,  be  steeped  in  a  mixture  composed  of  equal 
measures  of  sulphuric  and  nitric  acids,  and  then  pressed  and 
dried,  it  will,  to  all  external  appearance,  be  the  same  as  before ; 
but  if  it  be  weighed  it  will  be  found  to  be  nearly  one  half 
heavier.  The  change  which  it  has  undergone  is  this  ;  the  cotton 
has  lost  a  quantity  of  water  which  was  combined  with  it,  equal 
to  about  one-third  of  its  weight,  but  it  has  entered  into  com- 
bination with  such  a  quantity  of  nitric  acid  as  to  give  the  whole 
a  weight  50  per  cent,  greater  than  that  of  the  original  weight  of 
the  cotton. 

The  cotton  thus  prepared  is  highly  explosive,  and  the  effects 
of  its  explosion  are  explained  on  the  same  principle  as  those  of 
gunpowder.  It  is  considered  by  chemists  that,  weight  for 
weight,  the  force  of  this  substance  is  greater  than  that  of  gun- 
powder. It  explodes  also  at  a  lower  temperature,  and,  when  of 
good  quality,  leaves  no  percei)tible  residuum.  It  is,  therefore, 
natural  that,  since  the  process  of  making  it  has  undergone  great 
improvements  and  the  action  of  the  substance  has  been  thoroughly 
studied,  it  has  replaced  gunpowder  in  some  kinds  of  fire-arms. 
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as  it  has  already  done  to  a  certain  extent  in  the  blasting  of 
rocks. 

313.  Capillary  attraotion. — The  mechanical  agency  sup- 
plied by  this  principle  in  the  arts,  and  its  use  in  the  vegetable 
economy,  are  explained  in  the  volume  on  Hydrostatics  in  this 
series. 

314.  Perpetual  motion. — There  is  no  mechanical  problem 
on  which  a  greater  amount  of  intellectual  ingenuity  has  been 
wasted  than  that  which  has  for  its  object  the  discovery  of  the 
perpetual  motion.  Since  this  term,  however,  is  not  always 
rightly  understood,  it  will  be  useful  tere  to  explain  what  the 
perpetual  motion  is  not,  as  well  as  what  it  is. 

The  perpetual  motion,  then,  which  has  been  the  subject  of 
such  anxious  and  laborious  research,  is  not  a  mere  motion  which 
is  continued  indefinitely.  If  it  were,  the  diurnal  and  annual 
motion  of  £he  earth,  and  the  corresponding  motions  of  the  other 
planets  and  satellites  of  the  solar  system,  as  well  as  the  rotation 
of  the  sun  upon  its  axis,  would  be  all  perpetual  motions. 

To  understand  the  object  of  this  celebrated  problem,  it  is 
necessary  to  remember  that,  in  considering  the  construction  and 
performance  of  a  machine,  there  are  three  things  involved  :  ist, 
the  object  to  which  the  machine  gives  motion  ;  2ndly,  the 
structure  of  the  mechanism  ;  and  3rdly,  the  moving  power,  the 
effect  of  which  is  transmitted  by  the  machine  to  the  object  to 
be  moved.  In  consequence  of  the  inertia  of  matter,  the  machine 
cannot  transmit  to  the  object  more  force  than  it  receives  from 
the  moving  power ;  strictly  speaking,  indeed,  it  must  transmit 
less  force,  since  more  or  less  of  the  moving  force  must  be  inter- 
cepted by  friction  and  atmospheric  resistance.  If,  therefore,  it 
were  proposed  to  invent  a  machine  which  would  transmit  to  the 
object  to  be  moved  the  whole  amount  of  force  imparted  by  the 
moving  power,  such  a  problem  would  be  at  once  pronounced 
impossible  of  solution,  inasmuch  as  it  would  involve  two  im- 
practicable conditions  ;  first,  the  absence  of  atmospheric  resist- 
ance, which  would  oblige  the  machine  to  be  worked  in  a 
vacuum  ;  and  secondly,  the  absence  of  all  friction  between  those 
parts  of  the  machine  which  would  move  in  contact  with  one 
another. 

But  suppose  that  it  were  proposed  to  invent  a  machine  which 
would  transmit  to  the  object  to  be  moved  a  greater  amount  c^ 
force  than  that  imparted  by  the  moving  power,  the  impossibili^^^ 
of  the  problem  would  in  this  case  be  still  more  glaring,  for  e^ 
though  the  machine  were  to  work  in  a  vacuum,  and  all  fric^  ^* 
were  removed,  it  could  do  no  more  than  convey  to  the  o'^P*^" 
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the  force  it.  receives.  To  suppose  that  it  could  convey  more 
force,  it  would  be  necessary  to  admit  that  the  surplus  must  be 
produced  by  the  machine  itself,  and  that,  consequently,  the 
matter  composing  it  would  not  be  endowed  with  the  quality  of 
inertia.  Such  a  supposition  would  be  equivalent  to  ascribing  to 
the  machine  the  qualities  of  an  animated  being. 

But  the  absurdity  would  be  still  greater,  if  possible,  if  the 
problem  were  to  invent  a  machine  which  would  impart  a  certain 
motion  to  an  object  without  receiving  any  force  whatever  from 
a  moving  power ;  yet  such  is  precisely  the  celebrated  problem  of 
the  perpetual  motion. 

In  short,  a  perpetual  motion  would  be,  for  example,  a  watch 
or  clock  which  would  go  so  long  as  its  mechanism  would  endure, 
without  being  wound  up  ;  it  would  be  a  mill  which  would  grind 
com  or  work  machinery  without  the  action  upon  it  of  water, 
wind,  steam,  animal  power,  or  any  other  moving  force  external 
to  it. 

It  is  not  only  true  that  such  a  machine  never  has  been  in- 
vented, but  it  is  demonstrable  that  so  long  as  the  laws  of  nature 
remain  imaltered,  and  so  long  as  matter  continues  to  possess 
that  quality  of  inertia  which  is  proved  to  be  inseparable  from  it, 
not  only  in  all  places  and  under  all  circumstances  on  the  earth, 
but  throughout  the  vast  regions  of  space  to  which  the  observa- 
tions of  astronomers  have  extended,  the  invention  of  such  a 
machine  is  an  impossibility  the  most  absolute. 


CHAPTER  XX. 

ON   WOEK    AND   ENERGY. 


315.  Units  Of  force. — Let  us  suppose  that  we  call  the  quan- 
tity of  matter  contained  in  a  pound  avoirdupois  the  unit  of  mass. 
We  may  then  define  our  unit  of  force  as  a  force  which,  cuythig 
upon  the  unit  of  mass  (a  pmtnd)  for  one  second,  goierates  in  it  a 
velocity  of  one  foot  per  second.     This  unit  is  called  the  absolute 
imit  of  force,  because  it  is  quite  independent  of  locality,  and  is 
\erived  from  the  one  unalterable  property  of  mass, 
g  If,  instead  of  a  pound,  the  matter  in  a  gramme  be  taken  as 
nt>  unit  of  mass,  and  a  centimetre  as  the  unit  of  length,  the 
i^^hod  of   measuring   forces  by  reference  to  the  centimetre- 
stu^me-second  units  is  still  that  of  absolute  measure.     These 
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latter  units  are,  however,  more  employed  where  the  forces  are 
minute,  as  in  electrical  measurements.  More  recently  endea- 
vours are  made,  with  every  prospect  cf  speedy  success,  to 
extend  the  use  of  the  centimetre-gramme-second  unit  through- 
out the  whole  range  of  physical  research,  and  we  shall,  there- 
fore, give  a  few  examples  of  its  application  further  on.  Forces 
measured  in  terms  of  the  absolute  unit  are  said  to  be  expressed 
in  *  absolute  measure.' 

Another  method  of  expressing  force  is  that  usually  called 
gravitation  unit  of  force  and  mass.  From  a  great  number  of 
experiments,  the  exact  velocity  has  been  ascertained  which  is 
generated  in  a  body  falling  under  the  attraction  of  the  earth, 
and  freed  from  the  resistance  of  the  air.  The  conclusion  aiTived 
at  is  that  the  standard  pound  weight,  so  falling  in  London, 
would  acquire  a  velocity  of  32*1889  feet  per  second.  This 
number  varies  with  the  latitude,  according  to  an  ascertained 
law.  In  latitude  45°,  for  example,  it  has  the  value  of  32*1703. 
The  letter  g  is  generally  appropriated  for  representing  the  velo- 
city acquired  in  one  second  by  a  body  falling  from  rest  in  a 
space  devoid  of  air. 

Now  in  gravitation  measure,  which  has  been  employed  in 
the  preceding  articles,  we  call  a  force  which  will  support  the 
weight  of  a  pound  the  unit  force.  Hence  a  force  which  will 
support  5  pounds  is  represented  by  5.  Itt  general,  in  gravita- 
tion measure  the  unit  of  mass  is  the  quantity  of  matter  in  a 
body  which  weighs  g  pounds,  and  forces  are  measured  by  the 
weights  which  they  will  support. 

From  what  has  been  said  on  the  value  of  g,  it  will  be  clear 
that  the  unit  of  mass  in  gravitation  measure  changes  with  the 
locality.  Nevertheless  it  is  selected  for  very  cogent  reasons. 
From  our  assumption,  that  a  mass  represented  by  unity  weighs 
g  pounds,  it  follows  that  if  M  be  the  mass  of  a  body  weighing 
w  pounds,  this  weight  will  be  equal  to  m  gr  pounds,  or 

w 
M  =  — 

9 
Any  force  may  easily  be  expressed  in  gravitation  measure  if 
the  velocity  is  given  which  the  force  can  generate  in  one  second 
in  a  body  of  given  weight.  Thus,  suppose  that  a  force  f  gene- 
rates a  velocity  of  46  feet  in  one  second  in  a  body  weighing 
7  pounds.  If  this  weight  of  7  pounces  be  simply  acted  on  by 
gravity,  it  would  fall  and  acquire  a  velocity  of  32*2  feet  in  the 
first  second.  The  force  then  acting  would  be  called  a  force  of 
7  pounds,  and  we  shall  compare  the  forces  r  and  7  by  compar- 
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ing  the  quantities  of  motion  produced  by  each  in  one  second. 
Thus, 

F  _  mass  X  46     _   46 

7     mass  X  322     32*2 

.  • .  F  ^  Z_Lz,  ^  10  pounds. 
32 -2 

Or,  generally,  if  a  force  f  generate  a  velocity /in  one  second  in 
a  body  weighing  w  pounds,  we  have 

F  ^mass  x/     ,        _w/ 

w     mass  X  gf'  '  '  g  ' 

It  follows  from  the  definition,  that  the  force  of  attraction  of 
the  earth  on  the  unit  of  mass,  that  is,  the  standard  pound,  is 
expressed  in  absolute  units  by  the  number  32*2,  or  g.  For  a 
force  which  generates  a  velocity  of  g  feet  per  second  is  g  times 
as  great  as  a  force  which  will  generate  a  velocity  of  one  foot  per 
second.  But  the  attraction  of  the  earth  generates  a  velocity  of 
g  feet  in  the  standard  pound  in  one  second  ;  hence  the  force  of 
gravitation  acting  on  the  standard  pound  is  g  times  the  unit 
force,  or  is  expressed  by  the  number  ^  =  32*2. 

Since,  on  the  other  hand,  the  attraction  of  the  earth  on  the 
standard  pound  is,  in  gravitation  measure,  expressed  by  the 
number  unity,  it  follows  that  we  may  pass  from  the  gravitation 
to  the  absolute  measure  of  force  by  multiplying  every  force 
expressed  in  pounds  by  the  number  g ;  and  that  we  may  pass 
from  absolute  to  gravitation  measure  by  dividing  every  number 
representing  a  force  by  g.     Thus,  in  absolute  measure  the  unit 

of  force  is of  the  attraction  of  the  earth  on  a  standard  pound, 

322 

and  may  be  represented  roughly  in  gravitation  measure  by  about 

half  an  ounce  weight. 

The  expression  for  the  momentum  of  a  body  is,  accordingly, 

in  gravitation  units,  represented  by  -       ,  whereas   in   absolute 

units  the  same  momentum  is  w  v, 

316.  Tlie  dyne. — Tlie  poundal. — The  facts  explained  in 
the  preceding  article  may  be  summarised  and  extended  to  the 
centimetre-gramme  unit  by  the  following  brief  statements  : — 

1 .  The  unit  of  force  is  that  force  which,  acting  on  the  unit 
of  mass  for  the  unit  of  force,  generates  unit  of  velocity.  This 
is  called  the  absolute  unit  of  force. 

2.  The  weight  of  gramme,  that  is,  the  force  which  causes  it 
to  fall,  may  be  ascertained  by  letting  it  fall  freely.  If  the  ex- 
periment be  made  in  Britain,  it  will  be  found  that  at  the  end  of 
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one  second  the  velocity  of  the  gramme  will  be  about  981  centi- 
metres per  second. 

3.  Hence  the  weight  of  a  gramme,  that  is,  the  force  whidh 
causes  it  to  fall,  is  represented  by  the  number  981,  if  the  centi- 
metre, the  gramme,  and  the  second  are  taken  as  the  funda- 
mental units. 

4.  The  force  which  in  one'second  would  communicate  to  one 
gramme  a  velocity  of  one  centimetre  per  second,  is  the  unit  of 
force  in  the  French  metric  system  of  units.  This  unit  of  force 
is  called  a  Dyne. 

5.  Tt  is  sometimes  convenient  to  compare  forces  with  the 
weight  of  body,  and  to  speak  of  a  force  of  so  many  pounds 
•weight,  or  grammes  weight.  This  is  called  Gravitation  mea- 
sure. 

6.  Although  a  pound  or  a  gramme  is  the  same  all  over  the 
world,  the  weight  of  a  pound  or  a  gramme  is  greater  in  high 
latitudes  than  near  the  equator,  and  therefore  a  measurement  of 
force  in  gravitation  measure  is  of  no  scientific  value  imless  it  is 
stated  in  what  part  of  the  world  the  measurement  was  made. 

7.  In  Britain  the  units  of  length,  mass,  and  time,  are  re- 
spectively one  foot,  one  pound,  and  one  second.  The  unit  of 
force  is,  in  this  system  of  units,  that  force  which,  in  one  second, 
would  communicate  to  one  pound  a  velocity  of  one  foot  per 
second.     This  unit  of  force  is  called  Poundal. 

8.  8ince  the  foot  is  30*4797  centimetres,  and  the  pound  is 
453*59  grammes,  the  Poundal  'Ha  13825  Dynes. 

317.  "VTork. — Wherever  motion  is  produced  against  some  re- 
sistance, then  work  is  done.  A  horse  does  work  when  he  moves 
with  a  loaded  cart,  or  when  he  gives  motion  to  any  kind  of  ma- 
chinery. A  steam-engine  does  work  when  it  is  used  to  lift  water, 
or  to  drive  a  train  of  carriages  along  a  railway,  or  to  do  in  fact 
any  sort  of  labour  for  which  animals  are  employed.  The  idea 
of  work  for  machinery,  or  natural  processes,  is  taken  from  com- 
parison with  the  working  power  of  men,  and  we  can  best  illus- 
trate from  human  labour  the  most  important  features  of  the 
conception  of  work.  In  speaking  of  the  work  6f  machines,  and 
of  natural  forces,  we  must,  of  course,  in  this  comparison  elim- 
inate anything  in  which  activity  of  intelligence  comes  into  play. 
A  man  may  work  with  his  mind  as  well  as  with  his  body.  When 
he  works  with  his  mind  he  performs  intellectual  labour  ;  when 
he  works  with  his  body  he  performs  physical  labour,  or  mechani- 
cal work^  which  could  be  done  quite  as  well  by  a  steam-engine, 
or  any  other  labouring  agent.  But  it  is  only  the  latter  kind  of 
work,  done  by  man,  which  is  considered  in  the  present  question. 
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It  must  be  clearly  understood,  that  whenever  mechanical  work 
is  done  there  is  a  pressure  or  resistance  exerted,  and  a  certain 
space  through  which  that  pressure  or  resistance  is  exerted.  Thus, 
when  a  carpenter  saws  a  piece  of  timber,  he  applies  a  pressure 
to  the  saw,  and  this  occasions  a  resistance  on  the  part  of  the 
timber  to  the  motion  of  the  saw.  Now,  whatever  may  be  the 
pressure  applied  to  the  saw,  if  it  were  not  moved,  there  would 
obviously  be  no  work  done,  and,  on  the  other  hand,  if  the  saw 
were  moved  without  any  pressure  being  applied  to  it,  there 
would  also  be  no  work  done.  When  a  man  carries  a  weight  up 
a  ladder  or  staircase,  we  say  that  he  does  work,  but  if  he  stood 
still  with  his  load,  then,  although  he  would  sustain  the  same 
pressure,  yet  he  would  not  do  any  work.  Hence,  in  order  to 
have  mechanical  work  performed,  we  must  have  not  only  pres- 
sure, but  that  pressure  must  be  sustained  through  a  certain 
apace. 

318.  rnrtber  UlnatratioBa.  MeMurement  of  work. — ^The 
external  work  of  man  is  of  the  most  varied  kind  as  regards  the 
force  or  ease,  the  form  and  rapidity,  of  motions  used  on  it,  and 
the  kind  of  work  produced.  But  both  the  arm  of  the  black- 
smith who  delivers  his  powerful  blows  with  the  heavy  hammer, 
and  that  of  the  violinist  who  produces  the  most  delicate  varia^ 
tions  in  sound,  and  the  hand  of  the  lacemaker  who  works  with 
threads  so  fine  that  they  are  on  the  verge  of  the  invisible,  all 
these  acquire  the  force  which  moves  them  in  the  same  manner 
and  by  the  same  organs,  namely,'  the  muscles  of  the  arm.  An 
arm  the  muscles  of  which  are  lamed  is  incapable  of  doing  any 
work  ;  the  moving  force,  of  the  muscle  must  be  at  work  in  it, 
and  these  must  obey  the  nerves,  which  bring  to  them  orders 
from  the  brain.  That  member  is  then  capable  of  the  greatest 
variety  of  motions  ;  it  can  compel  the  most  varied  instruments 
to  execute  the  most  diverse  tasks.  Just  so  is  it  with  machines. 
They  are  used  for  the  most  diversified  arrangements.  By  their 
agency  we  produce  an  infinite  variety  of  movements,  with  the 
most  various  degrees  of  force  and  rapidity,  from  powerful 
steam-hammers  and  rolling-mills,  where  gigantic  masses  of  iron 
are  cut  and  shaped  like  wax,  to  spinning  and  weaving  frames, 
the  work  of  which  rivals  that  of  the  spider.  Modem  mechanism 
has  the  richest  choice  of  means  of  transferring  the  motion  of 
one  set  of  rolling-wheels  to  another  with  greater  or  less  velocity; 
of  changing  the  rotating  motion  of  wheels  into  the  up-and-down 
motion  of  the  piston-rod,  of  the  shuttle,  of  falling  hammers, 
and  stamps  ;  or,  conversely,  of  changing  the  latter  into  the 
former ;  or  it  can,  on  the  other  hand,  change  movements  of 
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uniform  into  those  of  varying  velocity,  and  so  forth.  But  one 
thing  is  common  to  all  differences,  they  will  need  a  moving  force^ 
which  sets  and  keeps  them  in  motion,  just  as  the  works  of  the 
human  hand  all  need  the  moving  force  of  the  muscles.  But  the 
work  of  the  smith,  in  the  previous  illustration,  requires  a  far 
greater  and  more  intense  exertion  of  the  muscles  than  that  of 
the  violin  player,  and  there  are  in  machines  corresponding  dif- 
ferences in  the  power  and  duration  of  the  moving  force  required. 
These  differencee,  which  correspond  to  the  different  degree  of 
exertion  of  the  muscles  in  human  labour,  are  alone  what  we 
have  to  think  of  when  we  speak  of  the  amount  of  work  of  a 
machine.  We  have  nothing  to  do  here  with  the  manifold  cha- 
racter of  the  actions  and  arrangements  which  the  machines  pro- 
duce ;  we  are  only  concerned  with  an  expenditure  of  force. 

The  expression  'expenditure  of  force,'  which  we  use  so 
fluently,  indicates  not  only  that  in  doing  work  the  force  applied 
has  been  expended  and  lost,  but  leads  to  a  further  characteristic 
analogy  between  the  effects  of  the  human  arm  and  those  of  ma- 
chines. The  greater  the  exertion,  and  the  longer  it  lasts,  the 
more  is  the  arm  tired,  and  the  more  is  the  moving  force  for  the 
time  exhausted.  Now  this  peculiarity  of  becoming  exhausted 
by  work  is  also  met  in  the  moving  forces  of  inorganic  nature. 
When  fatigue  sets  in,  in  the  case  of  living  agents,  recovery  is 
needed,  and  this  can  only  be  effected  by  rest  and  nourishment. 
In  the  case  of  inorganic  moving  forces,  when  their  capacity 
for  work'  is  spent,  there  is  also  a  possibility  of  reproduction, 
although  in  general  other  means  must  be  used  to  this  end  than 
in  the  case  of  living  agents. 

From  what  has  been  said  in  the  preceding  article,  we  may 
form  some  rough  idea  of  the  comparative  quantity  of  work 
which  two  labouring  agents  might  perform.  Thus,  if  two  men 
were  to  carry  the  same  weight  of  material  to  the  same  height, 
then  they  would  do  the  same  work ;  and  if  the  one  were  to 
carry  the  same  weight  to  twice  the  height,  or  half  the  weight  to 
four  times  the  height,  then  he  would  perform  twice  the  work  of 
the  other.  But  it  is  necessary  that  we  should  have  some  more 
definite  means  of  estimating  work  than  such  methods  of  calcu- 
lation afford  Again,  from  the  feeling  of  exertion  and  fatigue  in 
our  muscles  we  can  form  a  general  idea  of  what  wc  understand 
by  amount  of  work ;  but  we  must  endeavour,  instead  of  the 
indefinite  estimate  afforded  by  this  comparison,  to  fortn  a  clear 
and  precise  idea  of  the  standard  by  which  we  have  to  measure 
the  amount  of  work. 

As  we  measure  a  distance  by  the  number  of  times  that  some 


Digitized 


by  Google 


364  THEORY  OF  MACHINERY. 

'  unit  of  length,  such  as  a  foot  or  a  yard,  is  contained  in  the  pro- 
posed distance  ;  or,  as  we  express  the  weight  of  any  substance 
by  the  number  of  times  that  some  unit  of  weight,  as  a  pound  or 
an  ounce,  is  contained  in  the  proposed  weight ;  so  we  must  fix 
upon  some  unit  whereby  to  express  the  amount  of  labour  or 
work  which  any  agent  may  perform.  Now  the  measuring  unit 
must  always  be  of  the  same  sort  or  kind  as  the  thing  to  be 
measured  ;  thus  we  measure  length  by  a  luiit  of  length,  surface 
by  a  unit  of  surface,  weight  by  a  unit  of  weight,  and  so  on. 
The  measure  of  work,  therefore,  must  be  some  unit  of  work. 

3 1 9.  irnits  of  work.  The  foot-pound.  Tbe  borse-power. 
— The  unit  of  work  used  in  this  coimtry,  as  has  already 
been  stated  in  the  preceding  chapter,  is  the  labour  requisite 
to  raise  one  pound  tlu-ough  the  space  of  one  foot.  This  unit  is 
called  a  Foot- pound.  Thus,  if  a  man  take  a  pound  weight  in 
his  hand  and  raise  it  one  foot,  he  will  perform  one  unit  of  work  ; 
if  he  raise  it  two  feet  he  will  perform  two  units  of  work  ;  if  he 
raise  it  three  feet,  he  will  perform  three  units,  and  so  on. 
Again,  if  he  take  a  weight  of  four  pounds  in  his  hand,  and 
raise  it  five  feet,  he  will  perform  twenty  units  of  work,  because 
in  raising  one  pound  five  feet,  he  will  perform  five  units  ;  there- 
fore, in  raising  four  pounds  the  same  height,  he  will  perform 
4  X  5  =  20  units.  Hence  we  derive  the  rule,  that  in  order  to 
obtain  the  work  expended  in  raising  any  body,  we  multiply  the 
weight  of  the  body  in  lbs.  by  the  vertical  space  in  feet  through 
which  it  is  raised. 

Further,  as  resistances  and  pressures  of  every  kind  may  be 
expressed  in  pounds,  it  follows  that  the  one  unit  of  work  will 
measure  every  kind  of  work.  This  will  be  best  illustrated  by 
tlie  following  examples. 

When  considerable  distances  are  measured,  we  use  a  higher 
unit  than  that  of  feet  or  yards.  So,  in  like  manner,  when  the 
work  is  very  great,  it  is  found  more  convenient  to  adapt  a  larger 
unit  of  work.  Now  Watt  estimated  that  a  horse  could  perform 
33,000  units  of  work  (foot-pounds)  per  minute.  This  work, 
therefore,  is  called  a  horse-power.  Thus,  work,  done  in  a  given 
time,  may  be  expressed  in  units  of  a  horse-power. 

1 .  Reouired  the  units  of  work  expended  in  raising  a  weight 
of  60  lbs.  to  the  height  of  23  feet. 

Units  in  raising  i  lb.  23  feet  =  23 

60         ,,  =60x23=1,380. 

2.  The  ram  of  a  pile  engine  weighs  7  cwt.  and  has  a  fall  of 
23  feet.     Rec^iiired  the  units  of  work  performed  in  raising  the 
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Weight  of  ram  7x112  lbs.  =  784  lbs. 
'Units  of  work  in  raising      i  lb.  23  feet  =23 

784  lbs.      „      =784^23 
=  18,032. 

3.  How  many  units  of  work  are  required  to  raise  4  cwt.  of 
coals  from  a  pit  70  fathoms  deep  ? 

4x  112x70x6=  188,160. 

4.  If  the  weight  of  a  mau  be  140  lbs.,  and. he  ascends  56 
feet,  how  many  units  of  work  will  he  perform  ? 

Weight  to  be  raised  140  lbs. 
.'.  Work  140  X  50  =  7,000. 
Let  now  the  man  descend  in  a  basket.     Then  he  performs 
the  same  weight  upon  a  counterpoise,  which  he  had  done  in 
ascending. 

5.  How  much  work  is  required  to  pump  3,000  cubic  feet  of 
water  from  a  mine  1 60  fathoms  deep  ? 

Weight  of  cubic  foot  62  *5  lbs. 
.•,  62*5  X  3,000  X  160  X  6  =  180,000,000. 

6.  A  horse  draws  104  lbs.  out  of  a  well,  by  means  of  a  cord 
passing  over  a  wheel,  moving  at  the  rate*  of  2 J  miles  per  hour. 
Find  the  units  performed  per  minute. 

^A^J?^  ^220  ft. 

60 

220  X  104  =  22880. 

7.  A  horse-power  being  =  33,000  units  per  minute,  how  many 
horses  would  it  take  to  raise  i  cwt.  of  coals  per  minute  from  a 
pit  200  fathoms  deep  ? 

Work  done  per  minute  1 1 2  x  200  x  6  =  1 344.00 

.  • .  Horse-  power   ^    -     =:^  4  'o? . 
33000 

8.  How  many  horse-powers  are  required  to  raise  2,000  cubic 
feet  of  water  per  hour  from  a  mine  1 80  fathoms  deep  ? 

Weight  of  water  62*5  x  2000 

Depth  of  mine  1 80  x  6 

„,.    ,             .      .    62*5x2000x180x6 
Work  per  minute  — ^ > 

62*5x2000x180x6     ,0., 

H.  p.  = — =^— ; =00  I. 

60 X  33000 

9.  An  engine  for  winding  up  loads  is  moved  by  two  horses. 
What  weight  of  coals  will  be  raised  per  hour  from  a  pit  50 
fathoms  deep. 
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Work  done  by  the  horses  per  hour  33000  x  2  x  60  =  3960000. 

Depth  of  pit  300  feet. 

AVork  done  in  raising  i  lb.  «  300. 

3900000  ^  j^m^ijQj.  q£  ijjg  raised  per  hour. 
300 

=  1 3200  lbs.  or  5  '9  tons. 

10.  In  what  time  will  an  engine,  capable  of  performing  the 
work  of  8  horses  raise  a  ton  of  materials  from  a  depth  of  170 
fathoms  ? 

Work  of  engine  33000  x  8  =  264000. 
\\'ork  in  raising  I  ton  =  2240  x  170  x  6  =  2284800. 

Number  of  minutes  =    "     —  =8*6. 
264000 

1 1 .  How  many  cubic  feet  of  water  will  an  engine  of  20 
horse-power  raise  per  hour  from  a  mine  whose  depth  is  80 
fathoms  ? 

Work  done  per  hour  33000  x  20  x  60 
AVork  in  raising  i  foot  of  water  62*5  x  80  x  6 

Cubic  feet  rttised  .' .  ^ ,    '- — %, — —^-  =  1320. 
62-5  X  80  X  6 

12.  From  what  depth  will  an  engine  of  5  horse-power  raise 
4  tons  of  coals  per  hour  ] 

Work  done  per  bour  33000  x  5  x  60 
Work  in  raising  4  tons  i  foot  -  2240  x  4  x  i 

Number  of  feet  =  ^-^^^  ^  ^  ^^-?  =  1 104  feet. 
2240  X  4 

13.  An  engine  is  observed  to  raise  3  tons  of  material  per 
hour  from  a  mine  1 20  fathoms  deep.  Find  the  horse-power  of  the 
engine,  supposing  Uh  of  the  work  to  be  lost  in  transmission. 

Work  done  per  minute  —  f. =  80640. 

But  only  tths  of  the  work  of  the  engine  go  to  raise  the 
material. 

. ' .  5  X  33000  work  done  by  the  engine  in  the  minute. 

Horse -power  =  .         - —  =  3  '05. 
5  X  33000 

14.  What  must  be  the  horse-power  of  an  engine  working 
10  hours  per  day  to  supply  240,000  gallons  of  water  j)er  day, 
supposing  the  water  to  be  raised  to  an  average  height  of  70 
feet  ? 
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A  gallon  of  water  weighs  10  lbs. 

Water  pumped  per  minute  =  -^— ^ —  =  400  gallons. 

lO'OO 

.  • .  Weight  of  it  =  4000  lbs. 

^   p^4ooo^l7o^g. 
33000 

15.  A  forge  hammer  weighing  2  cwts.  makes  60  lifts  per 
minute,  each  lift  being  2 J  feet  high.  Find  the  horse-power  of  the 
engine  giving  motion  to  the  hammer. 

Weight  of  hammer  224  lbs.  =  112x2. 

Work  in  each  lift  224  x  2^  =  560. 

Work  in  60  lifts  (i  minute)  =  560  x  60  =  33600. 

H.  P.  =536??  =,.02. 
33000 

320.  Otber  Vnits.      Tbe    kilogrrammetre.      Tbe    erg. — 

If  we  take  a  kilogramme,  as  our  weight  lifted,  and  the  space 
through  which  it  is  raised  as  one  metre,  we  obtain  a  unit 
of  work  much  used  by  Continental  writers,  and  called  a  Kilo- 
grammetre.  But  in  this  unit,  as  in  the  case  of  a  foot-pound  the 
force  employed  is  the  weight  of  a  pound,  it  is  a  kilogramme, — a 
quantity  which,  as  we  know,  is  different  in  different  places. 
The  weight  of  a  pound  expressed  in  absolute  measure  is  numeri- 
cally equal  to  the  intensity  of  gravity,  the  quantity  denoted  by 
g,  the  value  of  which  in  poundals  varies  from  32*227  at  the  pole 
to  32*117  at  the  equator,  and  diminishes  without  limit  as  we 
recede  from  the  earth.  In  dynes  it  varies  from  983*1  at  the 
pole  to  978*1  at  the  equator.  Hence,  in  order  to  express  work 
in.  a  uniform  and  consistent  manner,  we  must  multiply  the 
number  of  foot-pounds  by  the  number  representing  the  intensity 
©f  gravity  at  the  place.  The  work  is  thus  reduced  to  foot- 
poundals.  When  work  is  expressed  in  foot-pounds  the  system  is 
that  of  gravitation  measures,  which  is  not  a  complete  system, 
unless  we  also  know  the  intensity  of  gravity  at  the  place. 

In  the  metrical  system  the  unit  of  work  is  the  Erg^  which  is 
the  work  done  by  a  dyne  acting  through  a  centimetre.  There 
are  421393*8  ergs  in  a  foot-poundaj. 

321.  "WTork  done  by  i^raviiT-. — Gravity  is  the  moving 
force  which  is  simplest,  and  which  we  know  best.  It  acts,  for 
example,  in  those  clocks  which  are  driven  by  a  weight.  This 
weight,  fastened  to  a  string,  .which  is  wound  round  a  pulley 
connected  with  the  first  toothed  wheel  of  the  clock,  cannot  obey 
the  pull  of  gravity  without  setting  the  whole  clockwork  in 
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motion.  Now,  the  weight  cannot  put  the  clock  in  motion  with- 
out itself  sinking  ;  did  the  weight  not  move,  it  would  not  move 
the  clock,  and  its  motion  can  only  be  such  a  one  as  obeys  the 
action  of  gravity.  Hence,  if  the  clock  is  to  go,  the  weight  must 
continually  sink  lower  and  lower,  and  must  at  length  sink  so  far 
that  the  string  which  supports  it  is  run  out.  The  clock  then 
stops,  and  the  useful  ejffect  of  its  weight  is  for  the  present  ex- 
hausted. Its  weight  is  not  lost  but  altered  ;  it  is  attracted  by 
the  earth  as  before,  but  the.  capacity  of  this  gravity  to  produce 
the  motion  of  the  clockwork  is  lost.  But  we  can  wind  up  the 
clock  by  the  power  of  'the  arm^  by  which  the  weight  is  again 
raised.  When  this  has  been  done  it  has  regained  its  former 
capacity,  and  can  again  set  the  clock  in  motion. 

We  learn  from  this  that  a  raised  weight  possesses  the  capa- 
city of  performing  work,  but  that  it  must  necessarily  sink  if  it 
is  to  perform  work  ;  that  by  sinking  this  capacity  is  exhausted, 
but  that  by  using  another  extraneous  force — that  of  the  arm, 
also  capable  of  doing  work — the  activity  of  the  weight  can  be 
restored. 

The  work  which  the  weight  has  to  perform  in  driving  the 
clock  is  not  very  great.  It  has  continually  to  overcome  the 
small  resistances  which  the  friction  of  the  axles  and  teeth,  as 
well  as  the  resistance  of  the  air  oppose  to  the  motion  of  the 
wheels,  and  it  has  to  furnish  the  force  for  the  small  impulses 
and  sounds  which  the  pendulum  produces  at  each  oscillation. 
If  the  weight  is  detached  from  the  clock  the  pendulum  swings 
for  a  while  before  coming  to  rest,  but  its  motion  becomes  each 
moment  more  feeble  and  ultimately  ceases  entirely,  being 
gradually  used  up  by  the  various  obstacles  just  enumerated. 
Hence  there  must  be  a  moving  force,  like  the  weight,  which 
must  be  continually  at  work  to  keep  the  clock  going. 

322.  Aocumulated  work. — When  a  force  acts  upon  a  body 
capable  ^f  moving  freely  it  will  set  it  in  motion  ;  the  inertia  of 
the  body  presents  in  this  case  the  resistance  which  is  overcome 
by  the  force,  and  thus  work  is  done  in  impressing  velocity  upon 
a  body.  So  also  a  body  in  motion  can  only  be  brought  to  a  state 
of  rest  by  the  action  of  force,  and  work  is  done  during  the  de- 
struction of  motion.  If  we  were  to  raise  a  body  through  a  certain 
height  and  allow  it  to  fall,  it  would  acquire  in  falling  a  velocity 
dependent  on  the  height  through  which  it  had  been  raised.  If 
now  the  direction  of  motion  could  be  suddenly  reversed,  the 
weight  would  rise  to  the  exact  height  from  which  it  fell,  and  in 
doing  so  it  would  clearly  perform  work.  We  infer  from  this  that 
the  velocity  acquired  in  falling  is  a  measure  of  the  work  done  in 
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lifting  the  body,  and  is  produced  by  the  action  of  a  definite 
force,  namely,  the  weight  of  the  body,  acting  through  a  definite 
space,  namely,  the  height  through  which  the  body  has  been 
raised.  But  we  may  extend  the  conclusion  by  sapng  that  any 
other  body  moving  with  any  given  velocity  might  have  acquired 
it  in  like  manner  by  being  subjected  to  the  action  of  the  force  of 
gravity  while  falling  through  a  determinate  height,  and  thus  we 
say  generally  that  work  is  stored  up  in  a  body  in  motion,  and 
that  the  measure  of  this  work  is  the  height  through  which  the 
body  must  be  lifted  in  order  that  by  falling  it  may  acquire  the 
velocity  with  which  it  is  actually  moving. 

323.  Measure  of  Acoumnlated  "WorlL. — Siippose  a  body 
of  weight  w  to  be  moving  with  a  velocity  of  v  feet  per  second. 
Then  if  A  is  the  height  through  which  a  body  must  fall  in  order 
to  acquire  a  velocity  of  v  feet,  we  know  from  art.  1 13,  p.  no,  that 

But  the  work  done,  in  lifting  a  body  of  weight  w  through  a 
length  hiawhy  hence 

the  work  done  =  wA 


2g 
if  we  substitute  for  h  its  value. 

For  example,  let  a  bullet  leave  the  barrel  of  a  gun  with  a 
velocity  of  i  ,000  feet  per  second,  the  weight  of  the  bullet  being 
an  ounce.  Then  the  work  stored  up  in  the  bullet  is,  by  the 
preceding  formula — 

wig^j^x  (1,000)^^  foot-pounds. 

2g  2x32-2 

In  this  case  linear  velocity  has  only  to  be  considered.  But 
there  can  be  no  motion  of  any  kind,  whether  it  be  of  translation 
or  rotation,  without  the  action  of  force  in  overcoming  resistance. 
The  inertia  due  to  mass  is  ever  present,  and  ^ork  can  be  stored 
up  in  a  rotating  wheel  as  certainly  as  it  can  be  accumulated  in 
the  ponderous  head  of  a  steam  hammer.  Thus,  a  heavy  rotating 
body,  such  as  the  fly-wheel  of  an  engine,  may  be  considered  as 
a  repervoir  into  which  the  work  of  the  engine  can  be  poured  just 
as  water  is  poured  into  a  vessel.  The  work  stored  up  in  a  body 
rotating  with  a  given  velocity  may  be  thus  measured. 

Let  US  suppose  a  body  of  weight  w  to  move  in  a  circle  of 
radius  r  with  a  given  velocity  v,  A  line  drawn  from  the  body 
to  the  centre  of  the  circle  will  rotate  round  the  centre  with  an 
angular  velocity  which  we  call  w,  thus.  «  =  cor. 
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But  the  work  stored  up  in  the  body  is 

Z:^^!!:^!!^-^  X  Mass  X  (lUdius)^ 
2g         2g        2 

We  conclude  from  this  expression,  that  the  work  stored  up 
in  the  separate  parts  of  a  body  moving  with  a  given  velocity 
depends  upon  the  square  of  the  distance  of  each  part  from  the 
axis.  Thus,  a  pound  weight  at  a  distance  of  3  feet  from  the 
axis  of  rotation  has  9  tune»  as  much  work  stored  up  in  it  as  the 
same  weight  at  a  distance  of  i  foot  from  the  axis,  the  angular 
velocity  being  the  same  in  both  cases. 

324.  Bnerffy- — The  term  energy  is  restricted  in  its  mechani- 
cal application  to  one  definite  meaning,  namely,  the  capacity  of 
doing  work,  A  body  possesses  energy  when  it  is  capable  of  doing 
work  ;  thus  the  raised  weight  of  the  dock,  in  the  previous  illus^ 
tration,  possesses  energy,  for  we  can  obtain  work  from  the 
weight  when  it  descends.  The  energy  which  exists  in  the  raised 
weight  is  called  potential  energy,  the  word  potential  expressing 
the  fact  that  the  energy  is  in  existence,  and  that  it  has  been 
imparted  to  the  weight  by  the  act  of  raising  it.  The  enei^ 
may  or  may  not  be  called  into  action,  but  it  exists  ;  the  power 
of  performing  work  may  lie  dormant  for  any  length  of  time,  but 
we  know  that  the  action  will  begin  when  the  weight  is  released 
and  allowed  to  descend. 

Every  portion  of  matter  which  is  at  rest,  but  is  nevertheless 
capable  of  doing  work,  possesses  potential  energy.  Potential 
energy,  however,  must  be  distinguished  from  the  energy  posses- 
sed by  bodies  in  actual  motion  ;  to  this  energy  the  name  of 
Kinetic  energy  has  been  given.  A  body  in  motion,  as  we  have 
seen,  has  work  stored  up  in  it,  which  work  it  must  yield  up 
before  it  can  be  reduced  to  rest.  The  expression  'Kinetic 
energy '  is  thus  applied  to  the  energy  existing  in  any  moving 
body.  Potential  energy  has  also  been  called  energy  of  position  j 
while  to  Kinetic  energy  the  names  *  actual  energy,^  and  '  energy 
of  motion '  have  also  been  applied. 

325.  Forms  of  Bnergry* — In  the  case  of  the  weight,  which 
sets  a  clock  in  motion,  it  is  necessary,  from  time  to  time,  to 
wind  up  the  weight,  and  thus  to  accumulate  work  in  it,  by 
means  of  which  it  possesses  energy. 

The  case  is  somewhat  different  when  Nature  herself  raises 
the  weight,  which  then  works  for  us.  She  does  not  do  this  with 
solid  bodies,  at  least  not  with  such  regularity  as  to  be  utilised ; 
but  she  does  it  abundantly  with  water,  which,  being  raised  to 
the  top  of  mountains  by  meteorological  processes,  returns  in 
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streams  from  them.  The  gravity  of  water  we  use  as  moving 
foi-ce,  the  most  direct  application  being  in  what  are  called  over- 
shot wheels,  one  of  which  is  represented  in  the  treatise  on 
Hydrostatics,  in  this  series,  p.  296,  fig,  205.  Along  the  cir- 
cumference of  such  a  wheel  are  a  series  of  buckets,  which  act  as 
receptacles  for  the  water,  and,  on  the  side  turned  to  the  observer, 
have  the  tops  uppermost ;  on  the  opposite  side  the  tops  of  the 
buckets  are  upside  down.  The  water  flows  at  the  top  into  the 
buckets  of  the  front  of  the  wheel,  and  below  where  the  mouth 
begins  to  incline  downwards,  it  flows  out.  The  buckets  on  the 
circumference  are  filled  on  the  side  turned  to  the  observer,  and 
empty  on  the  other  side.  Thus  the  former  are  weighed  by  the 
water  contained  in  them,  the  latter  not ;  the  weight  of  the 
water  acts  continually  on  only  one  side  of  the  wheel,  draws  this 
down,  and  thereby  turns  the  wheel ;  the  other  side  of  the  wheel 
offers  no  resistance  for  it  contains  no  water.  It  is  thus  the 
weight  of  the  falling  water  which  turns  the  wheel  and  furnishes 
the  motive  power.  But  it  can  at  once  be  seen  that  the  mass  of 
water  which  turns  the  wheel  must  necessarily  fall  in  order  to  do 
so,  and  that  though,  when  it  has  reached  the  bottom,  it  has  lost 
none  of  its  gravity,  it  is  no  longer  in  a  position  to  drive  the 
wheel,  if  it  is  not  restored  to  its  original  position,  either  by  the 
power  of  the  human  arm  or  by  means  of  some  other  natural 
force.  If  it  can  flow  from  the  mill-stream  to  still  lower  levfils 
it  may  be  used  to  work  other  wheels.  But  when  it  has  reached  its 
lowest  level,  the  sea,  the  last  remainder  of  the  moving  force  is 
used  up,  which  is  due  to  gravity — that  is,  to  the  attraction  of 
the  earth,  and  it  cannot  act  by  its  weight  until  it  has  been  again 
raised  to  a  high  level.  As  this  is  actually  efiected  by  meteoro- 
logical processes,  it  will  at  once  be  observed  that  these  are  to  be 
considered  as  sources  of  the^  energy  possessed  by  the  head  of 
water. 

Water  power  was  the  first  inorganic  force  which  man  learnt 
to  use  instead  of  his  own  labour,  or  that  of  domestic  animals. 
According  to  Strabo,  it  was  known  to  King  Mithridates  of  Pon- 
tus,  who  wiCS  also  otherwise  celebrated  for  his  knowledge  of 
nature  ;  near  his  palace  there  was  a  water-wheel.  Its  use  was 
first  introduced  among  the  Romans  in  the  time  of  the  first 
Emperors.  Even  now  we  find  water  mills  in  all  mountains, 
valleys,  or  wherever  there  are  rapidly-flowing,  regularly  filled 
brooks  and  streams.  We  find  water-power  used  for  all  purposes 
which  can  possibly  be  effected  by  machines.  It  drives  mills 
which  grind  com,  saw-mills,  hammers  and  oil-presses,  spinning- 
frames  and  looms,  and  so  forth.     It  is  the  cheapest  of  all  motive 
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powers,  it  flows  spontaneously  from  the  inexhaustible  stores  of 
nature  ;  but  it  is  restricted  to  a  particular  place,  and  only  in 
mountainous  countries  is  it  present  in  any  quantity  ;  in  level 
countries  extensive  reservoirs  are  necessary  for  damming  the 
rivers  to  produce  any  amount  of  water-power.  ^ 

Before  passing  to  the  discussion  of  other  motive  forces,  an 
objection  must  be  answered  which  may  readily  suggest  itself. 

326.  Mecliaiiloal  Powers. — There  exists,  as  we  know,  nu- 
merous machines,  systems  of  pulleys,  levers,  and  cranes,  by  the 
aid  of  which  heavy  burdens  may  be  lifted  by  a  comparatively 
small  expenditure  of  force.  We  have  all  of  iw  often  seen  one  or 
two  workmen  hoist  heavy  masses  of  stones  to  great  heights, 
which  they  would  be  quite  unable  to  do  by  applying  their  own 
muscular  strength  directly  ;  in  like  manner,  one  or  two  men,  by 
means  of  a  crane,  can  transfer  the  largest  and  heaviest  chest 
from  a  ship  to  the  quay.  Now,  it  may  be  asked,  if  a  large, 
heavy  weight  had  been  used  for  driving  a  machine,  would  it  not 
be  very  easy,  by  means  of  a  crane  or  a  system  of  pulleys,  to 
raise  it  anew,  so  that  it  could  again  be  used  as  a  motor,  and 
thus  acquire  motive  power,  without  being  compelled  to  use  a 
corresponding  exertion  in  raising  the  weight  ? 

The  answer  to  this  is,  that  all  these  machines,  in  that  degree 
in  which  for  the  moment  they  facilitate  the  exertion,  also  pro- 
long it,  so  that  by  their  help  no  motive  power  is  ultimately 
gained.  Let  us  assume  that  six  labourers  have  to  raise  a  load 
of  six  hundredweight,  by  means  of  a  rope  passing  over  a  single 
pulley.  Every  time  the  rope  is  pulled  down  through  six  feet, 
the  load  is  also  raised  through  six  feet.  But  now,  for  the  sake 
of  comparison,  let  us  suppose  the  same  load  hung  to  a  block  of 
six  pulleys,  as  represented  in  fig,  193,  page  241.  A  single 
laboui-er  would  now  be  able  to  raise  the  load  by  the  same  exer- 
tion of  force  as  each  one  of  the  six  put  forth.  But  when  he 
pulls  the  rope  through  six  feet,  the  load  only  rises  one  foot,  for 
the  length  through  which  he  pulls  the  rope  over  A  is  uniformly 
distributed  in  the  block  over  six  ropes,  so  that  each  of  these  is 
only  shortened  by  one  foot.  To  raise  the  load,  therefore,  to  the 
same  height,  the  one  man  must  necessarily  work  six  times  as 
long  as  the  six  together  did.  But  the  total  expenditure  of  work 
is  the  same,  whether  six  labourers  work  for  a  sixth  part  of  an 
hour  or  one  works  for  an  hour. 

If,  instead  of  human  labour,  we  introduce  the  work  of  a 
weight,  and  hang  to  the  block  a  load  of  600,  and  at  the  end  of 
the  rope  which  passes  over  at  a,  where  otherwise  the  labourer 
works,  a  weight  of  100  pounds,  the  block  is  then  in  equilibrium, 
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and  without  any  appreciable  exertion  of  the  arm,  may  be  set  in 
motion.     The  weight  of  100  pounds  sinks,  that  of  600  rises. 

Without  any  measurable  expenditure,  of  force,  the  heavy 
weight  has  been  raised  by  the  sinking  of  the  smaller  one,  and 
we  shall  at  the  same  time  observe  that  the  smaller  weight  will 
have  sunk  through  six  times  the  distance  that  the  greater  one 
has  risen.  But  a  fall  of  100  pounds  through  six  feet  is  just  as 
much  600  foot-pounds  as  a  fall  of  600  pounds  tlirough  one  foot, 

327.  Xievem. — The  action  of  levers  in  all  their  various 
modifications  is  precisely  similar.  Let  a  6,  Jig.  305,  be  a  simple 
lever,  supported  at  c,  the  arm  c  b  being  foiu:  times  as  long  as  the 


Fig.  305. 

other  arm  a  c.  Let  a  weight  of  one  pound  be  hung  at  6,  and  a 
weight  of  four  pounds  at  a;  the  lever  is  then  in  equilibrium, 
and  the  least  pressiire  of  the  finger  is  sufficient,  without  any 
appreciable  exertion  of  force,  to  place  it  in  the  position  a'  6',  in 
which  the  heavy  weight  of  four  pounds  has  been  raised,  wliile 
the  one  pound  weight  has  sunk.  But  here,  also,  we  shall  observe 
that  no  work  has  been  gained,  for  while  the  heavy  weight  has 
been  raised  through  one  inch,  the  lighter  one  has  fallen  through 
four  inches ;  and  four  pounds  moved  through  one  inch  is,  as  work, 
equivalent  to  the  product  of  one  pound  through  four  inches. 

Most  other  fixed  parts  of  machines  may  be  regarded  as 
modified  and  compound  levers  ;  a  toothed-wheel,  for  instance, 
as  a  series  of  levers,  the  ends  of  which  are  represented  by  the 
individual  teeth,  and  one  after  the  other  of  which  is  put  in 
activity,  in  the  degree  in  which  the  tooth  in  question  seizes,  or 
is  seized  by,  the  adjacent  pinion.  Take,  for  instance,  the  com- 
mon crab-winch,  and  suppose  the  pinion  on  the  axis  of  the 
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barrel  of  the  winch  to  have  twelve  teeth,  and  the  teothed  wheel 
seventy-two  teeth,  that  is,  six  times  as  many  as  the  former. 
The  winch  must  now  be  turned  round  six  times  before  the 
toothed-wheel  and  the  barrel  have  made  one  complete  turn,  and 
before  the  rope  which  raises  the  load  has  been  lifted  by  a  length 
equal  to  the  circiunference  of  the  barrel.  The  worlanan  thus 
requires  six  times  the  time,  though  to  be  sure  only  one-sixth  of 
the  exertion  which  he  would  have  to  use  if  the  handle  were 
directly  applied  to  the  barrel.  In  all  these  machines,  and  parts 
of  machines,  we  find  it  confirmed  that  in  proportion  as  the  velo- 
city of  the  motion  increases  its  power  diminishes,  and  that  when 
the  power  increases  the  velocity  diminishes,  but  that  the  amount 
of  work  is  never  thereby  increased. 

In  the  overshot  mill-wheel,  described  above,  water  acts  by  its 
weight.  But  there  is  another  form  of  mill-wheel,  called  the  un- 
dershot wheel,  in  which  it  only  acts  by  its  impact,  as  represented 
in  the  volume  on  Hydrostatics,  page  294,  fig.  204.  These 
are  used  where  the  height  from  which  the  water  comes  is  not 
great  eiiough  to  flow  on  the  upper  part  of  the  wheel.  The  lower 
part  of  undershot  wheels^dips  in  the  flowing  water  which  strikes 
against  their  float-boards  and  carries  them  along.  Such  wheels 
are  used  in  swift-flowing  streams  which  have  a  scarcely  percep- 
tible fall,  as,  for  instance,  on  the  Rhine.  In  the  immediate 
neighbourhood  of  such  a  wheel,  the  water  need  not  necessarily 
have  a  great  fall  if  it  only  strikes  with  considerable  velocity.  It 
is  the  velocity  of  the  water,  exerting  an  impact  against  the 
float-boards,  which  acts  in  this  case,  and  which  produces  the 
motive  power.  Windmills,  which  are  used  in  the  great  plains 
of  Holland  and  North  Germany  to  supply  the  want  of  falling 
water,  aflbrd  another  instance  of  the  action  of  bodies  having 
velocity.  The  sails  are  driven  by  air  in  motion,  that  is,  by 
wind.  Air  at  rest  could  just  as  little  drive  a  windmill  as  water 
at  rest  a  water-wheel.  The  driving  force  depends  here  on  the 
velocity  of  moving  masses. 

A  bullet  resting  in  the  hand  is  the  most  harmless  thing  in 
the  world  ;  by  its  gravity  it  can  exert  no  great  effect ;  but  when 
fired  and  endowed  with  great  velocity  it  drives  through  all 
obstacles  with  the  most  tremendous  force. 

If  we  lay  the  head  of  a  hammer  gently  on  a  nail,  neither  its 
small  weight  nor  the  pressure  of  our  arm  is  quite  sufi&cient  to 
drive  the  nail  into  wood  ;  but  if  we  swing  the  hammer  and  allow 
it  to  fall  with  great  velocity,  it  acquires  a  new  force,  which  can 
overcome  far  greater  hindrances. 

These  examples  teach  us  that  the  bodies  moving  with  a  cer- 
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tain  velocity  possess  a  store  of  motive  force.  In  some  works 
on  mechanics,  and  in  the  earlier  part  of  the  present  work, 
velocity,  in  so  far  as  it  is  motive  force,  and  can  produce 
work,  that  is,  kinetic  energy,  is  still  often  called  vis  fnva. 
The  name  is  not  well  chosen  ;  it  is  too  apt  to  suggest  to 
us  the  force  of  living  beings.  In  these  cases,  also,  it  may  be 
seen,  from  the  instances  of  the  hammer  and  of  the  bullet,  that 
velocity  is  lost  as  such,  when  it  produces  working  power.  In 
the  case  of  the  water-miQ,  or  of  the  windmill,  a  more  careful 
investigation  of  the  moving  masses  of  water  and  air  is  necessary 
to  prove  that  part  of  their  velocity  has  been  lost  by  the  work 
they  have  performed. 

328.  Tbe  pendalnm. — The  relation  of  velocity  to  working 
power  is  most  simply  and  clearly  seen  in  a  simple  pendulum, 


.1 


Fig.  306. 

such  as  can  be  constructed  by  any  weight  which  we  suspend  to 
a  cord.  Let  m.  Jig.  306,  be  such  a  weight,  of  a  spherical  form  ; 
A  B  a  horizontal  line  drawn  through  the  centre  of  the  sphere  ; 
p  the  point  at  which  the  cord  is  fastened.     If,  now,  we  draw  the 
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weight  M  on  one  side  towards  a,  it  moves  in  the  arc  m  a,  the 
end  of  which,  a,  is  somewhat  higher  than  the  point  ▲  in  the 
horizontal  line.  The  weight  is  thereby  raised  to  the  height  a  o. 
Hence  the  arm  must  exert  a  certain  force  to  bring  the  weight  to 
a.  Gravity  resists  this  motion  and  endeavours  to  bring  back 
the  weight  to  M,  the  lowest  point  which  it  can  reach. 

Now,  if  after  we  have  brought  the  weight  to  a,  we  let  it  go,  it 
obeys  this  force  of  gravity  and  returns  to  M,  arrives  there  with 
a  certain  velocity,  and  no  longer  remains  quietly  hanging  at  m 
as  it  did  before,  but  swings  beyond  m  towards  6,  where  its 
motion  stops  as  soon  as  it  has  traversed  on  the  side  of  b  an  arc 
equal  in  length  to  that  on  the  side  of  a,  and  after  it  has  risen  to 
a  distance  b  b  above  the  horizontal  line,  which  is  eqiial  to  the 
height  A  a,  to  which  our  arm  had  previously  raised  it.  In  6  the 
pendulum  returns,  swings  the  same  way  back  through  ic  towards 
a,  and  so  on,  until  its  oscillations  are  gradually  diminished, 
and  ultimately  annulled  by  the  resistance  of  the  air  and  by 
friction. 

We  see  here  that  the  reason  why  the  weight,  when  it  comes 
from  a  to  m,  does  not  stop  there,  but  ascends  to  6,  in  oppo- 
sition to  the  action  of  gravity,  is  only  to  be  sought  in  its  velo- 
city. The  velocity  which  it  has  acquired  in  moving  from  the 
height  A  a  is  capable  of  again  raising  it  to~an  equal  height  b  h. 
The  velocity  of  the  moving  mass  M  is  thus  capable  of  raising 
this  mass  ;  that  is  to  say,  in  the  language  of  mechanics,  of  per- 
forming work.  This  would  also  be  the  case  if  we  had  imparted 
such  a  velocity  to  the  suspended  weight  by  a  blow. 

From  this  we  learn  further  how  to  measure  the  working 
power  of  velocity — or,  what  is  the  same  thing,  the  vis  viva  of  the 
moving  mass.  It  is  equal  to  the  work,  expressed  in  foot-pounds, 
which  the  same  mass  can  exert  after  its  velocity  has  been  used 
to  raise  it,  under  the  most  favourable  circumstances,  to  as  great 
a  height  as  possible.  This  does  not  depend  on  the  direction  of 
the  velocity  ;  for  if  we  swing  a  weight  attached  to  a  thread  in  a 
circle,  we  can  even  change  a  downward  motion  into  an  upward 
one. 

The  motion  of  the  pendulum  shows  us  very  distinctly  how 
the  forms  of  working  power  hitherto  considered — that  of  a 
raised  weight  and  that  of  a  moving  mass — may  merge  into  one 
another.  In  the  points  a  and  h,  fig.  306,  the  mass  has  no  velo- 
city ;  at  the  point  M  it  has  fallen  as  far  as  possible,  but  pos- 
sesses velocity.  As  the  weight  goes  from  a  to  m,  the  work  of 
the  raised  weight  is  changed  into  vis  viva  ;  as  the  weight  goes 
further  from  m  to  h  the  vis  viva  is  changed  into  the  work  of  a 
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raised  weight.  Thus  the  work  which  the  arm  originally  im- 
parted to  the  pendulum  is  not  lost  in  these  oscillations,  pro- 
37ided  we  may  leave  out  of  consideration  ihe  influence  of  the 
resistance  of  the  air  and  of  friction.  Neither  does  it  increase, 
but  it  continually  changes  the  form  of  its  manifestation. 

329.  Elasticity. — We  may  now  pass  to  other  mechanical 
forces,  those  of  elastic  bodies.  Instead  of  the  weights  which 
drive  our  clocks,  we  find  in  time-pieces  and  in  watches  steel 
springs  which  are  coiled  in  winding  up  the  clock,  and  are  un- 
coiled by  the  working  of  the  clock.  To  coil  up  the  spring  we 
consume  the  force  of  the  arm  ;  this  has  to  overcome  the  exist- 
ing elastic  force  of  the  spring  as  we  wind  it  up,  just  as  in  the 
clock  we  have  to  overcome  the  force  of  gravity  which  the  weight 
exerts.  The  coiled  spring  can,  however,  perform  work  ;  it 
gradually  expends  the  acquired  capability  in  driving  the  clock- 
work. 

If  I  stretch  a  cross-bow  and  afterwards  let  it  go,  the 
stretched  string  moves  the  arrow  ;  it  imparts  to  it  force  in  the 
form  of  velocity.  To  stretch  the  cord  my  arm  must  work  for  a 
few  seconds  ;  this  work  is  imparted  to  the  arrow  the  moment  it 
is  shot  off.  Thus  the  cross-bow  concentrates  into  an  extremely 
short  time  the  entire  work  which  the  arm  had  communicated  in 
the  operation  of  stretching  ;  the  clock,  on  the  contrary,  spreads 
it  over  one  or  several  days.  In  both  cases  no  work  is  produced 
which  my  arm  did  not  originally  impart  to  the  instrument,  it  is 
only  expended  more  conveniently. 

The  case  is  somewhat  different  if  by  any  other  natural  pro- 
cess we  can  place  an  elastic  body  in  a  state  of  tension  without 
having  to  exert  the  arm.  This  is  possible,  and  is  most  easily 
observed  in  the  case  of  gases. 

330.  Sxpansive  force  of  grases. — If,  for  instance,  a  firearm 
loaded  with  gunpowder  be  discharged,  the  gieater  part  of  the 
mass  of  the  powder  is  assorted  into  gases  at  a  very  high  tempe- 
rature, which  have  a  powerful  tendency  to  expand,  and  can  only 
be  retained  in  the  narrow  space  in  which  they  are  formed  by 
the  exercise  of  the  most  powerful  pressure.  In  expanding  with 
enormous  force  they  propel  the  bullet  and  impart  to  it  a  great 
velocity,  which  we  have  already  seen  is  nothing  else  but  a  form 
of  work.  In  this  case  the  work  is  gained  without  an  exertion 
of  the  arm.  Bat,  on  the  other  hand,  something  is  lost ;  the 
constituents  of  the  gunpowder  have  changed  into  chemical  com- 
pounds, from  which  they  cannot  without  great  trouble  be  restored 
to  their  original  condition.  Here,  then,  a  chemical  change  has 
taken  place,  under  the  influence  of  which  work  has  been  done. 
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By  the  aid  of  heat,  applied  to  gases,  elastic  forces  are  pro- 
duced on  a  far  greater  scale.  As  the  most  simple  instance  we 
may  take  atmospheric  air.  In  the  treatise  on  Heat,  in  thia 
series,  page  80,  fig,  35,  an  apparatus  is  represented  used  by 
Regnault  for  measuring  the  expansive  force  of  heated  gases. 
The  air-thermometer  represented  on  page  y>4,fig.  86,  of  that 
volume,  acts  on  precisely  the  same  principle.  It  consists  essen- 
tially of  a  globe  of  glass,  containing  dry  air,  which  can  be  placed 
in  a  vessel  and  heated.  The  globe  is  connected  with  a  (J -shaped 
tube,  which-  contains  mercury,  and  the  limbs  of  which  can  be 
placed  in  communication  with  one  another.  If  the  mercury 
is  in  equilibrium  in  the  tube,  when  the  globe  is  cold,  it  rises  in 
one  leg  when  the  globe  is  heated.  If,  on  the  contrary,  when 
the  globe  is  heated  equilibrium  be  artificially  restored,  the 
liquid  will  be  drawn  up  in  the  leg  nearer  to  the  globe,  as  the 
latter  becomes  cold  again.  In  both  cases  liquid  is  raised  and 
thereby  work  done. 

In  steam-engines  the  same  effect  is  constantly  produced  on 
the  largest  scale,  although  in  this  case,  in  order  to  keep  up  a 
continual  disengagement  of  compressed  gas  from  the  boiler,  the 
air  of  the  globe  in  the  preceding  experiment  is  replaced  by 
water,  which,  by  the  application  of  heat,  is  gradually  changed 
into  steam.  Steam,  so  long  as  it  remains  as  such,  is  an  elastic 
gas  which  endeavours  to  expand  exactly  like  atmospheric  air. 
And  instead  of  the  column  of  liquid  which  was  raised  in  the 
last  experiment,  the  machine  is  caused  to  drive  a  solid  piston 
which  imparts  its  motion  to  the  other  parts  of  the  machine. 
We  see,  then,  that  heat  can  produce  mechanical  work.  In  the 
cases  which  have  been  discussed  previously,  it  has  been  seen 
that  the  amount  of  energy  produced  by  a  given  measure  of  a 
physical  process  is  always  accurately  defined,  and  that  the  fur- 
ther capacity  for  work  of  the  natiu'al  forces  is  either  diminished 
or  exhausted  by  the  work  which  has  been  performed.  With 
heat  it  is  precisely  the  same,  as  shown  in  the  chapter  on  the 
dynamical  theory  of  heat,  in  the  treatise  on  Heat  in  this 
series. 

331.  Transmutation  of  Snergry.  &aw  of  Conservation 
of  Eneriry. — During  the  last  twenty  or  thirty  years  a  new 
universal  law  of  all  natural  phenomena  has  been  recognised 
which  possesses  not  only  an  extraordinarily  extended  range,  but 
constitutes  a  general  connection  between  natural  phenomena  of 
all  kinds,  even  of  the  remotest  times  and  most  distant  places. 
This  law  is  called  the  law  of  conservation  of  energy.  It  is  not 
absolutely  new ;  for  individual  domains  of  natural  phenomena 
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it  was  enunciated  by  Newton  and  Daniel  Bernoulli ;  and  Rumf  ord 
and  Humphry  Davy  have  recognised  distinct  features  of  its 
presence  in  the  laws  of  heat.  The  possibility  that  it  was  of 
universal  application  was  first  stated  by  Dr,  Juliiva  Robert 
Meyer,  a  German  physician  living  in  Heilbronn,  in  the  year 
1842,  while  almost  simultaneously  with,  and  independently  of 
him,  James  Prescott  Joule,  a  manufacturer,  living  in  Manchester, 
made  a  series  of  important  and  difficult  experiments  on  the  rela- 
tion of  heat  to  mechanical  force,  which  supplied  the  chief  points 
in  which  the  comparison  of  the  new  theory  with  experience  was 
atill  wanting. 

Energy  is  defined  as  capacity  of  doing  work.  Now  to  under- 
stand the  law  in  question  let  us  repeat  as  briefly  as  possible 
some  examples  of  energy,  which  have  been  treated  in  detail  in 
the  preceding  articles. 

A  clock,  when  wound  up,  has  energy,  by  the  lowering  of  its 
weight,  to  give  its  parts  motion,  overcoming  their  friction,  &c., 
until  it  has  run  down. 

The  clock  will  not  start,  perhaps,  without  help — without  a 
tap  given  to  the  pendulum ;  but  the  capacity,  the  amount  of 
change  that  can  be  produced,  does  not  depend  on  this,  but 
clearly  on  the  amount  of  winding. 

A  coal,  burning  in  the  air,  has  energy  to  convert  itself  into 
the  products  of  combustion,  water,  carbonic  acid  gas,  &c.,  pro- 
ducing heat  during  the  operation. 

Here,  again,  the  coal  will  not  begin  its  action  without  help, 
a  lighted  match  for  instance.  But  the  match  burns  itself  out, 
and  the  coal  bums  itself  out ;  and  the  energy  of  the  latter  is, 
cateris  paribus,  proportional  to  the  quantity  of  coal. 

A  cannon  ball  in  motion  has  energy,  if  so  directed,  to  pierce  a 
target,  or  to  raise  itself  in  the  air,  &c. ,  and  the  energy  is  the 
greater  the  greater  the  initial  velocity ;  and  there  exists  an  exact 
relation  between  its  initial  state  and  its  total  capacity  for  work. 

We  can  see  clearly  enough  that  the  burning  coal  and  the 
cannon  ball  impinging  on  an  obstacle  are  producing  change  in 
the  condition  of  surrounding  objects,  while  their  own  *  energy ' 
is  thus  being  spent :  the  heated  room  and  the  broken  target 
exhibit  *  external  work  *  as  the  result.  And  we  have  seen  that 
this  is  true  also  of  the  clock  running  down,  and  in  all  cases  of  an 
exhaustion  of  power  in  the  original  agent,  which  is  not  compen- 
sated for. 

But  internal  change  may  be  conspicuously  going  on  in  a 
body  or  system  of  bodies,  while  external  effect  is  quite  or  almost 
inappreciable. 
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Thus,  a  pendulum  set  swinging  in  the  exhausted  receiver  of 
an  air-pump  (with  due  precautions  taken  in  the  suspension) 
will  go  on  oscillating  for  days  perhaps,  and  without  perceptible 
flagging  for  some  thousands  of  oscillations  together. 

And  we  can  imagine,  though  not  actually  produce,  a  perfect 
vacuum,  and  an  arrangement  for  support  or  suspension  with- 
out friction  or  stiffness  ;  under  which  circumstances  this  action 
may  be  supposed  to  continue  for  ever.  The  Planetary  Motions 
are  another  more  nearly  perfect  instance.  The  Earth,  for 
instance,  changes  its  distance  from  the  Sun,  alternately  ap- 
proaching and  receding  froiQ  it,  with  no  slackening  that  we  have 
yet  been  able  to  detect  by  the  nicest  observations. 

It  must,  however,  be^carefuUy  noted  that  in  every  case  tliis 
*  internal  work '  is  alternate  in  character. 

The  bob  of  the  pendulum  is  always  changing  its  'condition, 
passing  from  one  extreme,  characterised  by  the  maximum  of 
elevation  with  no  motion,  at  the  moment  when  it  is  passing 
from  its  upward  to  its  downward  course,  to  the  other  extreme  of 
maximum  motion  at  the  lowest  point  the  bob  can  reach.  And 
in  all  intermediate  stages  it  has  less  or  more  of  elevation.  We 
may  then  distinguish  between  the  *  capacity  for  raising  itself,' 
which  it  has  in  virtue  of  its  state  of  motion  (like  that  of  the 
cannon  ball),  and  the  *  capacity  for  giving  itself  motion,'  which 
it  owes  to  its  elevation  (as  the  clock  can  run  itself  down)  ;  and 
we  may  describe  this  continual  action  as  consisting  in  the 
alternate  exhaustion  and  renewal  of  each  of  these  two  kinds  of 
energy. 

With  this  explanation,  then,  it  is  equally  true  of  *  internal ' 
action,  that  is,  of  the  relative  and  mutual  changes  of  the  parts 
of  what  we  consider  as  one  systen^ — as  of  *  external,'  where  the 
action  may  extend  over  an  indefinite  range  ;  that  (so  far  as  our 
examples  go)  each  and  every  energy,  every  capacity  or  power  of 
work,  exhausts  itself  as  it  does  its  proper  work. 

Now  the  Physical  Truth  which  the  succeeding  articles  of 
this  chapter  are  intended  to  expound  is  this  : — 

Every  kind  of  change  which  takes  place  in  bodies  and 
systems  of  bodies,  whether  due  to  their  internal  or  to  their 
mutual  actions,  can  be  represented  numerically  by  reference  to 
one  certain  standard  unit  of  change,  or  work  done,  in  such  wise 
that  the  result  of  the  passage  of  any  system  from  one  condition  to 
another  may  be  calculated  by  mere  additions  and  subtractions, 
even  when  we  do  not  know  how  the  change  came  about.  And 
if  such  result  be  positive — that  is,  more  additive  than  subtrac- 
tive — the  system  has  gained  so  much  total  energy  (or  power  to 
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do  work  of  some  kind)  at  the  expense  of  some  other  system  ;  if 
negative--that  is,  more  subtractive  than  additive — then  it  has, 
so  to  say,  parted  with  so  much  energy  and  handed  it  over  to 
some  other  system.  A  change  which  adds  energy  to  the  system 
is  *  Work  done  upon  it'  ;  when  the  energy  is  found  to  have  been 
diminished  it  has  *  done  work '  on  some  other  system.  Thus, 
winding  up  the  clock  is  doing  work  upon  it,  exhausting  our  own 
muscular  energy  in  the  operation,  giving  motion  to  the  cannon 
ball  exhausts  the  power  of  the  gunpowder.  All  this  will  be  now 
clear  from  the  previous  statements  and  illustrations. 

332.  Cbangres  in  Xnorgranio  N'atnre. — The  principal  changes 
which  occur  in  inorganic  natiu:e — that  is,  in  every  thing  around 
us  not  referable  to  animal  or  vegetable  life— may  be,  con- 
veniently for  our  purpose,  roughly  classed  and  enumerated  as 
follows  : — 

Motions  and  changes  of  position  of  bodies  ;  either  as  of 
wholes  retaining  the  relative  position  of  their  parts,  or  among 
their  component  parts.    These  may  be  called  Dynamical  Chanpjfg 
Changes  of  temperature  ;  or.  Thermal  changes.       ^•^ 
Changes  in  the  internal  condition  of  a  bo^jHJr^on  the  way, 
change  from  solid  to  liquid,  or  ligjai^ump  all  the  energy  taken 
narrow  sense  of  the  word,  callr,  it  would  just  restore  the  water 
Changes  of  Eleoitne  same  rate  at  which  it  parts  with  it ;  and 
Changes  iaus  be  *  perpetual  motion '  kept  up  in  the  com- 
the  Chervem — the  same  ideal  state  as  in  our  imaginary  pen- 
is, Cb. 

./But  this  is,  in  fact,  impossible. '  Heat  is  necessarily  produced 
iU  through  the  machinery  where  there  is  clashing  or  rubbing, 
which  goes  off  to  surrounding  bodies  and  contributes  nothing  to 
boiling  the  water  and  working  the  steam-engine.  And,  even  if 
;  we  suppose  all  clashing  of  unequal  motions  avoided,  and  all 
surfaces  *  perfectly  smooth,'  and  no  radiation  of  heat  from  the 
surface  of  the  vessel  containing  the  grindstones,  &c. ,  all  which 
conditions  may  be  more  or  less  approximated  to,  though  they 
cannot  be  attained,  still  the  working  of  the  steam-engine  and  of 
the  electric  machine  necessarily  and  essentially  (not  as  it  were 
accidentally)  requires  the  production  of  heat  that  must  be  thrown 
away  (not  destroyed,  but  taken  out  of  the  circuit  of  operations 
we  are  considering)  ;  in  the  one  the  heated  steam  which  works 
the  piston  must  be  either  cooled  in  the  condenser  or  suffered  to 
escape  into  the  air ;  and  in  the  other  the  friction  of  the  glass 
'  and  1-ubber  must  heat  their  surfaces  as  well  as  produce  electrical 
charge.  Some  considerable  part,  therefore,  of  the  original 
energy  of  the  system,  which  we  may  consider  as  stored  up  in 
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II.  The  sluice  opened,  allowing  the  water  to  fall  (verticallj, 
or  in  a  sloping  channel),  gaining  velocity  as  it  loses  height. 

III.  The  falling  water  encountering  a  water-wheel,  whereby 
it  loses  some  of  its  own  motion,  and  imparts  motion  to  the 
wheel  and  machinery  connected  therewith. 

IV.  Heat  produced  by  collision  or  friction,  both  where  the 
water  clashes  on  the  wheel,  and  wherever  there  are  rubbing 
surfaces  ;  and  most  sensibly  at  the  grinding  siuiaces  of  the  mill- 
stones. ' 

V.  The  mill-stone  working  in  a  chamber  of  water,  heating  it 
up  to  *  boiling  point.' 

VI.  When  this  point  is  reached,  the  water  will  not  rise  any 
more  in  temperature,  biit  will  gradually  pass  into  steam. 

VII.  The  steam  so  generated  works  a  steam-engine. 

VIII.  Which  works  an  electric  machine — that  is,  it  turns 
a  glass  cylinder  which,  as  it  turns,  rubs  on  one  side  against  a 
properly  prepared  cushion  (the  rubber),  and  on  the  other  passes 

from'Sw"^  front  of  some  metallic  spikes  connected  with  a  large 
maximum  ®JJ^^®  (*^®  *  prime  conductor ').  Heat  is  produced  as 
in  all  intermedia^^o^^S  »  ^^*''  ^^^i^^^s  this,  the  prime  conductor 
may  then  distinguish  between^! J^^^  ^^  ^^  "^^  exhibit  all  the 
which  it  has  in  virtue  of  its  state  oP^^J- 
cannon  ball),  and  the  *  capacity  for  giving  its^'9»diictor  and  the 
it  owes  to  its  elevation  (as  the  clock  can  run  itself  ^^  *^®  knob 
we  may  describe  this  continual  action  as  consisting 
alternate  exhaustion  and  renewal  of  each  of  these  two  kin8 
energy. 

With  this  explanation,  then,  it  is  equally  true  of  *  internal ' 
action,  that  is,  of  the  relative  and  mutual  changes  of  the  parts 
of  what  we  consider  as  one  systen^^as  of  *  external,'  where  the 
action  may  extend  over  an  indefinite  range  ;  that  (so  far  as  our 
examples  go)  each  and  every  energy,  every  capacity  or  power  of 
work,  exhausts  itself  as  it  does  its  proper  work. 

Now  the  Physical  Truth  which  the  succeeding  articles  of 
this  chapter  are  intended  to  expound  is  this  : — 

Every  kind  of  change  which  takes  place  in  bodies  and 
systems  of  bodies,  whether  due  to  their  internal  or  to  their 
mutual  actions,  can  be  represented  niunerically  by  reference  to 
one  certain  standard  unit  of  change,  or  work  done,  in  such  wise 
that  the  result  of  the  passage  of  any  system  from  one  condition  to 
another  may  be  calculated  by  mere  additions  and  subtractions, 
even  when  we  do  not  know  how  the  change  came  about.  And 
if  such  result  be  positive — that  is,  more  additive  than  subtrac- 
tive — the  system  has  gained  so  much  total  energy  (or  power  to 


Digitized 


by  Google 


ON  WORK  AND  ENERGY.  383 

help  to  replenish  the  reservoir,  the  emptying  of  which  has  been 
the  cause  of  all  these  changes,  which  all  will  cease  when  the 
reservoir  is  emptied  or  the  sluice  gate  shut. 

The  proposition  involved  in  the  law  of  conservation  of  energy, 
then  is,  that  we  may  represent  numerically,  (i)  the  power  to 
produce  changes  which  the  water  in  the  reservoir  has  in  virtue 
of  its  quantity  and  its  height  above  the  mill-wheel ;  (2)  how 
much  of  the  power  due  to  motion  the  water  gains  as  it  loses 
height  in  falling ;  (3)  how  much  in  motion,  and  how  much  in 
heat  it  gives  to  itself  and  to  the  mill-wheel  when  it  clashes  on 
it ;  (4)  how  much  heat  goes  to  turn  water  into  steam  ;  (5)  what 
the  steam  loses  in  working  the  steam-engine  ;  (6)  how  much  the 
steam-engine  is  retarded  by  working  the  electric  machine  and 
producing  heat  and  decomposing  the  water. 

And  further,  that  the  sum  of  all  the  effects  so  produced  by 
the  falling  of  a  given  quantity  of  water  down  the  given  channel 
will  be  equal  to  the  loss  of  energy,  or  capacity  to  continue  to 
produce  such  changes,  caused  in  the  reservoir  of  water  by  its 
gradual  emptying. 

If  nothing  were  lost  or  otherwise  disposed  of  on  the  way, 
and  we  could  hand  over  to  the  final  pump  all  the  energy  taken 
from  the  water  in  the  reservoir,  it  would  just  restore  the  water 
to  the  reservoir  at  the  same  rate  at  which  it  parts  with  it ;  and 
there  would  thus  be  *  perpetual  motion '  kept  up  in  the  com- 
plete system — the  same  ideal  state  as  in  our  imaginary  pen- 
dulum. 

But  this  is,  in  fact,  impossible.  *  Heat  is  necessarily  produced 
all  through  the  machinery  where  there  is  clashing  or  rubbing, 
which  goes  off  to  surrounding  bodies  and  contributes  nothing  to 
boiling  the  water  and  working  the  steam-engine.  And,  even  if 
we  suppose  all  clashing  of  unequal  motions  avoided,  and  all 
surfaces  *  perfectly  smooth,'  and  no  radiation  of  heat  from  the 
surface  of  the  vessel  containing  the  grindstones,  &c. ,  all  which 
conditions  may  be  more  or  less  approximated  to,  though  they 
cannot  be  attained,  still  the  working  of  the  steam-engine  and  of 
the  electric  machine  necessarily  and  essentially  (not  as  it  were 
accidentally)  requires  the  production  of  heat  that  must  be  thrown 
away  (not  destroyed,  but  taken  out  of  the  circuit  of  operations 
we  are  considering)  ;  in  the  one  the  heated  steam  which  works 
the  piston  must  be  either  cooled  in  the  condenser  or  suffered  to 
escape  into  the  air ;  and  in  the  other  the  friction  of  the  glass 
and  Rubber  must  heat  their  surfaces  as  well  as  produce  electrical 
charge.  Some  considerable  part,  therefore,  of  the  original 
energy  of  the  system,  which  we  may  consider  as  stored  up  in 
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the  reservoir,  must  leave  the  system  in  the  form  of  heat,  and 
does  not  contribute  to  keep  the  system  going  perpetually. 

And  it  is  worth  observing,  too,  that  even  if  we  could  get 
what  is  called  a  perfectly  *  conservative  system,'  one  of  which 
our  pendulum  would  be  the  simplest  form,  if  we  could  abso- 
lutely get  rid  of  friction  and  air — it  would  be  only  self-sacri- 
ficing ;  could  do  nothing,  could  produce  neither  heat  nor  any 
other  action  beyond  its  own  system. 

334.  Problems  on  work  and  energry. — The  following 
problems  will  further  illustrate  the  principles  of  work  and 
enei^  explained  in  this  chapter  : 

1.  What  must  be  the  eflfective  horse-power  of  a  locomotive 
engine  which  moves  uniformly  at  30  miles  per  hour  on  a  level 
rail,'  the  weight  of  the  train  being  50  tons,  and  the  friction  8  lbs. 
per  ton. 

Resistance  of  friction  «  8  x  50  »  400. 

Distance  moved  over  in  feet  per  minute  =  3_!iJ 

60 

«=  2640. 

Work  of  friction  per  minute  4CX)  x  2640. 

.  *.  Horse  power  ^ — - — 1-  -  02 
33000        -5^- 

2.  At  what  rate,  in  miles  per  hour,  will  a  train  of  80  tons  be 
drawn  by  an  engine  of  70  horse  power  (friction  as  before). 

Work  done  by  the  engine  7.0  x  33000  x  60. 
Work  done  by  the  train  in  i  mile  =  8  x  80  x  5280. 

Number  of  mdes=   g  ^  g^  ^^28o~^4r.oi. 

3.  An  engine  of  40  horse  power  moves  with  a  maximum  speed 
of  35  miles  upon  a  level  rail,  what  is  the  weight  of  the  train  ? 

Work  of  engine  40  x  35000  x  60 
Work  done  by  weight  w  8  x  35  x  5280  x  w 

«,  .  ,       40  X  33000  X  60 
Weight  =  8.35x5280  °  53*5  tons. 

4.  A  carriage  becomes  suddenly  detached  from  behind  a 
train  and  is  observed  to  pass  over  a  space  of  1320  metres  in  264 
seconds  before  it  stops.  What  was  the  velocity  of  the  train 
when  it  became  detached,  and  what  is  the  ratio  of  the  re- 
tarding force  to  the  weight  of  the  carriage  ? 

a)  8=^ivt 

'  '0^2  8    2  X  1320 

T°     264     ==10  metres. 
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h)  v^ft 

w       '  *  w    gt      9*8i  X264 
_    I 
260' 

5.  A  ball  weighs  25  lbs.  aad  is  projected  from  a  gun  with  a 
velocity  of  1000  feet  against  a  wooden  target,  into  which  it  pene- 
trates 2  feet.     What  is  the  amount  of  resistance  of  the  target  ? 

— ^  =  Resistance  x  space 

=  Resistance  x  2 

_J — 1 L  »  Resistance 

4x32 

"» 195,312-5  lbs. 

6.  A  railway  carriage  of  weight  =  i  locwt.  is  to  be  moved  by 
two  men,  each  pressing  against  it  with  a  force  of  30  lbs.  If  the 
friction  is  ^  of  the  weight,  what  work  is  required  to  produce  a 
velocity  of  3f  feet,  and  through  what  space  will  the  men  have 
to  push  it,  in  order  to  attain  this  velocity  ? 

=  Mass  .  • . X  (3 J)'  =  work  required. 


32  32 

Force  of  men «-  60  lbs. 

Friction 


Hence  constant  force  =  60  - 


250 

iiox  112 


BniFs^'^t 


250 

2  ' 


.    A         IIOX  II    \  IIOX  112     r^ovo      v.-  1,      • 

V  2qo~  /   *  " ^2 ^^^^  ^^®^  ^' 

7.  A  train,  weighing  100,000  lbs.,  has  a  velocity  of  20  feet 
when  the  steam  is  shut  off. 

Hence  its  energy  «  i (20)'  «  f  «. 

=  64000Q  foot-pounds. 
Suppose  that  the  train  stops  after  passing  over  6000  feet, 
p  6000  «  640000 

Hence  the  resistance  =  f  =»  -4 ■  io6|. 

6000 


c  c 
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8.  A  train  of  80  tons  ascends  an  incline  which  has  a  rise  of 
2  feet  in  every  100  feet,  with  a  uniform  speed  of  15  miles  per 
hour ;  what  must  be  the  effective  horse-power  of  the  engine  ? 
Friction  «  8  lbs.  per  ton. 

Speed  of  train  per  minute  1320  feet. 
Weight  of  train  179200  lbs. 
Rise  of  plane  « 1I5  in  one  foot. 

Rise  in  1320  feet  -  'A^-  ""—  feet. 
100 

"26*4  feet. 

The  whole  is  raised  26*4  feet  in  opposition  to  gravity. 

Work  due  to  gravity  179200  x  26  4  =  4730880. 

Work  due  to  friction  8  x  80  x  1320  =  844800. 

Total  work  4730880  +  844800  -  5575600. 

Horse-power  «  5575600^  ^^g 

33000 

9.  A  train  of  100  ton^  ascends  an  incline  (|  in  100).  Find 
maximum  speed  when  the  effective  horse-power  =  80.  Friction, 
8  lbs.  per  ton. 

Rise  in  i  foot  =  ^ —  foot. 
600 

.•.  in  a;  feet  =  ^ — . 
600 

Weight  of  train  in  lbs.  «  100  x  2240. 

Work  d\ie  to  gravity  100  x  2240  x  ^-. 

„  friction  8  x  100  x  «. 

Work  done  by  engine  =  80  x  33000  x  60. 

.'.  (100  X  2240  X  ^-)+  100  X  8  x«s=8ox  33000  X  60. 

x  =  25.5  miles. 

10.  A  train  has  a  velocity  of  40  feet  at  the  time  when  the 
steam  is  shut  off.  Supposing  the  weight  of  the  whole  to  be  250 
tons,  during  what  time  and  over  what  space  will  it  move  before 
it  comes  to  rest,  if  the  resistance  of  the  air  and  friction  is  together 
200  P*"^^  ®^  *^®  moved  weight  ? 

Generally,  we  have 

Acceleration  =  —  a  =/. 

w^    -^ 

V  «  velocity  acquired  in  time  i^  -~g  t.    (  p  "  ^ — )• 

s  =  space  passed  over  in  time  i~  -  •?•<*. 

w      2 
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If  a  body  has  a  velocity  e,  and  its  weight  be  w,  and  during 
t  seconds  a  force  p  acts  in  opposite  direction,  then  its  velocity 
after  i  seconds — 

v^c-^gt    .        .        .        .  (I) 

«  =  c<— ^   'it^       .         .         .  (2). 
w     2 

Hence  the  motion  comes  to  an  end  if        ^ 

which  gives  for  the  time  t  =  — — . 

Hence  substituting  this  in  (2),  the  whole  space  over  which 
the  body  passes  before  it  comes  to  rest  is 

c  •  w     p      a    w*  •  c^ 
«  =  c 


T  '  g      w     2     T^  '  g^ 
c^  w  _iC^  w _    c'  •  w 


F  •  g         p  '  g    2  .  p  -gf 
Applying  this  to  the  present  case, 
original  velocity  «  40 
w  « 250    tons 


120 


t «  —I — -^  =250  seconds, 
f -32 


40»  *  250,40  '  40  ■  250  ■  4^  .^f^^t 
2  .  f  .  32         2  .  5  .  32 


1 1.  A  body  of  mass  12,  rests  upon  a  smooth  horizontal  sui'- 
face  ;  what  momentum  will  be  imparted  to  it  in  5  seconds  by  a 
force  equal  to  the  weight  of  18  lbs.  And  how  long  must  a 
force  in  absolute  measure  of  48  act  in  opposition  to  its  motion 
in  order  to  bring  it  to  rest  ? 

18  x 

(a)  Velocity  in  one  second  =  —  ^  ■■  -  •  32 ; 

in  5  seconds  «  5  .  3  .  16  «  240  ; 
Momentum  12  x  5  x  3  x  16  =  48  •  60  =  2880. 
(fi)  A  force  of    i  produces  in  mass  i  a  velocity  of    i  ft.  in  i  sec. 
48  ,,  I  „  48  „ 

12  ^^  =  4 

.  • .  4  X  =  240,  X  =  60  seconds. 

12.  A  weight  of  30  lbs.  moves  with  a  velocity  of  1 00  feet  per 
second,  when  it  is  subjected  to  a  uniformly  retarding  force  of  96 
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in  absolute  measure.  How  far  will  it  move  in  the  first  5 
seconds  1  How  far  until  it  stops  1  and  how  long  will  it  move 
until  then  ? 

The  acceleration  \»  ^^  **  ^  fl'* 

.•.a«5  X  100-^x^x32x25 

«'5oo  — 8  X  5=460. 

^         Since  o  =  v-j^5gft 

.•.ioo  =  f§<or*  =  3ii  seconds. 

Hence  space  passed  over  until  it  stops  =  s 

« 100  X  3ii  -i  X  i  X  32  X  (3ii)2. 

13.  A  ball  weighing  iv  lbs.  is  projected  on  a  horizontal  plane 
with  the  velocity  v  per  second.     What  space,  s,  will  the  ball 
move  over,  before  it  comes  to  rest,  if /=coeflScient  of  friction. 
The  retarding  force  >=/  w. 
Work  destroyed  by  it  =fw  s. 

Energy  in  the  ball  =  — ^ 
When  the  ball  stops  !^-^  ^  fw  s 

2Sr/ 
In  order  to  find  the  time  <,  before  the  ball  stops,  it  is  easily 
done  by  considering  that  the  mean  velocity  of  the  ball  through- 
out is  - ,  and    dividing  the  space   by  this  mean  velocity,  we 
obtain  t, 


!^  gf 

2 

14.  A  railway  train,  weighing  t  tons,  has  a  velocity  of  t\ 
feet  per  second,  when  the  steam  is  turned  off ;  what  distance 
will  it  pass  over,  and  in  what  time,  in  order  to  have  a  velocity 
V,  if  the  coefficient  of  friction  is  p  lbs.  per  ton  ? 

(a)  Work  lost=jo  T  «, 
which  is  equal  to  the  work  in  the  train  when  the  velocity  is  v, 
.  _2240T(V-ir»)   ^„224o(V-ir») 

2g  '  2pg 

(/3)  Mean  velocity  =  ^^-— , 
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2240  (v  I —  v) 
"        P9        ' 
15.   Work  done  in  overcoming  the  resistance  of  friction, — It 
has  already  been  stated,  that  the  principal  resistance  to  be  over- 
come by  a  body  moving  horizontally  on  a  rough  surface  is  fric- 
tion.    The  experimental  laws  are  : 

(i)  The  resistance  of  friction,  on  a  given  surface,  is  always 
a  certain  proportional  part  of  the  weight  of  the  body. 

(2)  The  resistance  is  independent  of  the  extent  of  the  rub- 

bing surfaces. 

(3)  It  is  not  affected  by  any  change  in  the  rate  of  the  body's 

motion. 
Let  p  be  the  resistance  of  friction  if  it  just  moves  a  weight 
w  resting  on  a  horizontal  surface.     For  th«  same  rubbing  sur- 
faces p  is  always  a  definite  proportional  part  of  t(? ;  if  this  is 
/,  then,  putting  f  the  resistance  of  friction  for  p, 

F^fw. 
f  is  the  coefficient  of  friq^ion,  and  its  value  depends  on  the 
nature  of  the  rubbing  surfaces.     Thus,  if  the  coefficient  of  fric- 
tion is  /o,  the  force  required  just  to  move  a  ton  along  a  hori- 
zontal road  is  . 

3^.2240«74|lbs. 
Similarly,  if  80  lbs.  just  pull  2240,  the  coefficient  is  ^^  =  ^^. 

Since  the  resistance  of  friction  is  /  Wy  the  units  of  work  done 
by  overcoming  this  resistance  through  s  feet, 
are  .'.  Units  «=/  w  9. 
Thus  :  required  the  work  performed  per  minute  in  sustain- 
ing a  body  of  w  lbs.  at  a  uniform  rate  ©f  m  miles  per  hour  on  a 
horizontal  plane,  whose  coefficient  of  friction  =/. 
Resistance  of  friction  =/  m?. 

Space  moved  over  in  feet  per  minute  =    ^^^- —  =  88  m. 

u  =  units  of  work  =/  •  it?  •  88  •  m. 
If  w  were  unknown, .  * .  tt?  =  - 


'  88  .  / .  m* 

16.  A  body  moves  on  a  rough  horizontal  surface  with  a  velo- 
city of  50  feet  per  second,  coefficient  of  friction  =  |.  How  long 
and  how  far  will  it  move  ? 
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. _ Momentom ^w  v ^w ^ $o^j ^ ^ ^ . 
Resistanoe        ^       S       32 

,B^??Ky__«!£J^*^'!?«?55>?iL^«  312-5. 
Resifltance      29       2         64 

17.  A  train  moye»  up  an  incline  rising  i  in  240  with  a  speed 
of  30  miles  an  hour,  the  friction  being  35.  Find  the  space  it 
will  move  over  when  the  steam  is  shut  off. 

2g       30      240 

18.  A  body  of  weight  w  falls  down  a  rough  plane  inclined  to 

the  horizon  at  an  angle  a.     Coefficient  of  friction  /i.      Find  the 

space  passed  over  in  t  seconds. 

■Tk  1  base 

Presstire  on  plane  «  w , —  =  w  cos  a 

length 

. " .  friction  » /i  tr  cos  a. 

The  pressure  down  the  plane  «  w  sin  a. 

Whole  force  down  wnna^fiw  cos  a. 

Acceleration  »  g  (sin  a—fi  cos  a) 

wft     «^i/*4  become 

«  =  ^(8ina-/AC08a)<         »= Jgf(Mna— /icos  a)<' 

Suppose  that  after  t  seconds  the  body  runs  again  np  the 

plane  ;  then  velocity  after  t  seconds, 

g  (sin  a-'fi  cos  a)  U 

Energy«^'^'('^°~^^^"°>'^'' 

Work  done  against  friction  w  >  ema  >  fi  *  x. 
Work  done  in  lifting  the  weight  =  w  »  x  sin  a , 
from  which  the  space  it  will  rise  » 

_gt^  (sin a^  fi cos  a)* 
2  (sin  a  +  fi  cos  a) 

19.  Work  done  by  machines. — Let  a  b  c  represent  an  inclined 
plane,  a  b  =»  base,  a  c  =  length,  and  b  c  »  height  of  plane,  then 
work  done  on  the  inclined  plane  » weight  of  body  x  vertical 
height  raised. 

If  w  is  raised  on  the  plane  by  p  descending  vertically  down- 
wards, then  p  descends  a  length  a  c,  w  rises  a  length  b  c, 
.  •.  Work  in  raising  w  up  the  plane  =  p  •  a  c  ; 
but  p  :  w  : :  B  c  :  A  c 

tir       1         W   •  B  C 

.  •.  Work •  A  c  =  w  •  B  c. 
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If  /the  coefficient  of  friction,  then 

Work  done  in  moving  w  from  a  to  c 
«  work  due  to  friction  +  work  due  to  gravity 
«/  •  w  •  A  c  +  w  •  B  c. 
If  the  body  moves  down  the  plane, 

Work  done  in  moving  w  from  c  to  a  «/  •  w  •  a  c  —  w  •  b  c. 
Thus  :  A  horse  can  just  pull  with  a  force  of  l  lbs.     What 
weight,  w,  will  he  be  able  to  pull  up,  and  also  down  the  hill,  if 
the  coefficient  of  friction  «//and  the  inclination  of  the  hill  is  a 
rise  of  e  feet  in  100  ? 

Work  done  over  100  feet  by  horse  =  100  l. 
Work  due  to  resistances  over  100  feet «  100/  •  w  +  w  •  e 
.'.  IOOL=  loo/w  +  wc. 
100  L 
^00 /+e* 

20.  The  length  of  an  inclined  plane  is  100  ft. ;  a  weight  of 
50  lbs.  rests  upon  it.  If  the  coefficient  of  friction  is  ~^,  what 
must  be  the  height  of  the  plane  when  the  weight  is  just  on  the 
point  of  sliding  ? 

Work  done  by  gravity  =  50  x  a;  («  =  height) 
,,         friction  |f  x  100  =  200 
50  X  X  «  200 
x  =  4ft. 
The  angle  of  friction  is  the  angle  of  inclination  when  the 
body  is  on  the  point  of  sliding. 

21.  The  length  of  an  inclined  plane  is  100  feet,  height  0*2 
feet,  weight  of  body  90  lbs.  Coefficient  of  friction  ~.  What 
pressure  is  required  to  move  the  body  down  the  plane  ? 

Resistance  of  friction  «    -^^  -    90  =  3  lbs. 
Work  due  to  friction  =     3  x  100  -  300 
Work  due  to  gravity  «   90  x     "2  «  18 
Work  to  be  done         -  300  -    1 8  «  282. 
Work  done  by  force  «=  p  x  too  =  282  : :  p  =  2  -82  lbs. 

22.  The  length  of  a  wedge  is  i  '5  feet.  Thickness  «  '2  feet. 
Pressure  upon  it  =  100  lbs. 

When  the  pressure  applied  has  moved  through  the  length, 
the  work  applied  is 

=  [oo  X  1*5, 
The  work  done  is  k  x  *2,  r  being  the  resistance  to  be  overcome. 
.  ^     roox  i-c 

'2 

=  750  lbs. 
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23.  In  a  compound  screw  the  length  of  the  lever  is  i  '5  feet, 
the  distance  between  the  threads  of  the  larger  or  hollow  screw  is 
}  inch^  that  between  those  of  the  smaller  screw  ^  inch.  If  30  lbs. 
pressure  be  applied  to  the  lever,  what  will  be  the  pressure 
upon  the  press-board  ? 

30X  2  X  1-5  X  3-1416    =w(J-i) 

Work  applied  =  282  74        -^  foot. 
w«  13571/5. 

24.  In  a  compound  wheel  and  axle,  the  diameter  of  the 
larger  cylinder  is  7  feet,  of  the  smaller  '5  feet.  The  handle  is 
2  feet  long,  and  a  weight  of  400  lbs.  is  to  be  raised.  Find  the 
power. 

The  cord  during  each  revolution  is  shortened  by  the  differ- 
ence of  the  circumferences,  and  the  weight  is  raised  through  half 
this  difference. 

Work  done  by  power  «  2  x  2  x  3*1416  x  p 

Work  done  by  weight  =  -7-^ — ^ — ""  ^  ^  ^ — t-  x  400, 

2 

2  RXP= w 

The  equations  on  the  right  hand  give  the  general  solution, 
if  R  is  the  length  of  the  handle,  b  and  d  the  diameters  of  the 
larger  and  smaller  portion  of  the  cylinder  respectively. 

25.  In  a  system  of  two  movable  pulleys,  each  weighing  3 
lbs.  if  a  power  of  100  lbs.  is  employed,  find  w  by  the  principle 
of  work- 

If  p  descends  i  foot,  the  first  pulley  rises  ^,  the  second  \  of 
a  foot. 

Work  done  by  p  «  100  x  i 

„  by  pulleys  and  weight  -w-|  +  3xj  +  3xj 

100  =  ^  +  :?  + 1,  .'.  W«3QI. 
442' 
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ILLUSTRATIONS  OF  THE  APPLICATION   OF  MECHANICAL 
PEINCIPLES  IN  THE  INDUSTRIAL  ARTS. 


CHAPTER  XXI, 


335.  Cranes  are  pieces  of  mechanism  usually  consisting  of 
combinations  of  toothed  wheels  and  pulleys,  by,  means  of  which 
materials  for  building  are  raised 
to  the  stage  where  the  builders 
are  engaged  —  goods  elevated 
from  vessels  to  the  quays  or 
wharves,  and  loaded  on  the 
waggons  by  which  they  are  to 
be  transported,  or,  on  the  con- 
trary, transferred  from  the 
quays  or  wharves  into  the  ves- 
sels— and  for  all    similar  pur- 


336.  Movable  eranes. — One 

of  the  most  simple  forms  of 
movable  cranes  commonly  used 
for  building  in  France  is  shown 
in^.  307. 

It  consists  of  a  sort  of  strong 
triangular  ladder,  at  the  top  of 
which  is  a  fixed  sheave  0,  over 
which  the  rope  attached  to  the 
object  to  be  elevated  passing 
is  carried  down  to  the  cylin- 
drical axle  T,  upon  which  it  is 
rolled  by  means  of  bars  inserted 
in  holes,  as  shown  in^.  169. 

This  ladder  is  inclined  more  ^^'  ^°^* 

or  less  from  the  vertical  by  means  of  a  rope  c  d,  which  is 
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carried  to  some  fixed  object  at  a  distance,  to  which  it  is  at- 
tached. 


Fig.  308. 


Another  form  of  movable  crane,  also  used  for  building  pur- 
poses, is  shown  in^.  308,  which  consists  of  a  shaft  driven  by  a 
combination  of  toothed  wheels  and  a  pair  of  winches.     Upon 
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the  shaft  a  rope  is  coiled,  which,  being  carried  up,  is  passed 
over  three  sheaves,  and  then,  passing  downwards,  is  attached  to 
the  object  to  be  raised. 


337.    Movable  cranes  for  manufactories   and   railway 
stations. — Another  form  of  movable  crane,  much  used  in  large 
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engineering  establishments  and  railway  stations,  is  shown  in^. 
309.     The  figure  is  drawn  on  a  scale  of  i  inch  to  12  feet. 

The  stand  upon  which  the  apparatus  is  fixed  is  supported  on 
four  small  wheels,  which,  in  some  cases,  are  made  to  run  upon 
rails  like  those  of  a  railway  waggon.  It  is  evident,  from  what 
has  been  explained  in  Chapter  V.,  Book  II.,  that  the  apparatus 
must  be  so  constructed  that  the  centre  of  gravity  of  it  and  its 
load  must  be  in  a  vertical  line  which  shall  fall  within  the  quad- 
rangle formed  by  the  lines  which  join  the  four  wheels. 

A  strong  pillar  of  wood,  a  a,  is  secured  upon  the  base  of  the 
apparatus  by  diagonal  ties.  In  this  a  circular  vertical  hole  is 
perforated,  in  which  the  round  vertical  beam  b  which  supports 
the  crane  is  inserted,  so  that  it  can  revolve  horizontally  without 
much  resistance  from  friction.  The  horizontal  beams  c  c  and 
D  D  are  attached  to  collars,  which  also  turn  freely  round  a, 
while  they  are  supported  by  it.  The  diagonal  pieces  e  b  are 
attached  to  these  horizontal  pieces,  and  also  tied  by  iron  rods 
to  the  central  axis,  both  in  horizontal  and  diagonal  directions. 
Two  winders  with  systems  of  wheelwork  attached  are  fixed  at  c 
and  c,  by  which  the  axles  upon  which  the  ropes  are  coiled  are 
tuiTied.  In  the  position  represented  in  the  figure,  the  right- 
hand  winch  alone  is  worked.  The  rope  f  coiled  upon  its  axle 
passes  over  a  sheave  at  the  top  of  the  right-hand  diagonal  beam 
E,  from  which  it  is  carried  horizontally  over  a  sheave  at  the  top 
of  the  vertical  pillar  b,  and  thence  to  a  sheave  in  the  top  of  the 
left-hand  diagonal  beam  £,  from  whence  it  passes  downwards 
and  under  the  movable  pulley  which  supports  the  weight  to  be 
elevated,  and  is  finally  attached  to  a  hook  or  ring  at  the  top  of 
the  left-hand  diagonal  beam  e. 

The  left-hand  winch  c  and  its  apparatus  of  wheelwork  acts  in 
a  similar  manner  over  another  series  of  sheaves  in  juxtaposition 
with  the  former  upon  the  movable  pulley  suspended  from  the 
right-hand  diagonal  beam  e. 

338.  7lxed  eranes. — ^When  cranes  are  stationary,  as  is 
usually  the  case  upon  wharves  and  landing-places,  they  are  con- 
structed in  a  more  efficient  manner,  giving  greater  efficacy  to  the 
power  by  the  interposition  of  a  greater  number  of  wheels,  axles, 
and  pulleys.  They  are  usually  made  to  revolve  upon  a  centre, 
so  that  the  goods  raised  from  the  vessel  may,  by  lowering  the 
crane,  be  brought  over  the  waggon  on  which  they  are  to  be 
deposited.  This  is  accomplished  by  inserting  a  round  piece  of 
metal,  P  Q  (fig.  310),  at  the  lower  part  of  the  apparatus,  into  a 
hole  of  corresponding  magnitude  made  in  the  wharf.  The  level 
of  the  wharf  being  B  y,  the  crane^  when  it  turns  in  the  hole, 
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l"H^.  3.0. 


will  carry  the  object  elevated  in  a  circle,  of  which  q  x  is  the 
radius,  round  p  q,  the  centre  or  axis. 

A  crane  thus  constructed  is  represented,  with  all  its  acces- 
sories, in  Jig.  311,  upon  a  scale  of  i  to 
100,    or  an  inch  to  8  ft.    4  in.      The 
wheelwork  is  shown  upon  a  larger  scale 
and  more  evidently  in  Jig.  312. 

The  weight  is  attached  to  a  single 
movable  pulley  suspended  from  the 
upper  end  of  the  crane.  The  rope 
which  is  carried  over  the  fixed  sheave, 
and  along  the  inclined  arm  of  the  crane 
to  the  axle  a  (Jig.  311),  is  stretched  by 
a  force  equal  to  half  the  weight  raised. 
Upon  the  axle  a  is  fixed  a  toothed 
wheel  B,  which  is  driven  by  a  pinion 
c  (Jig.  312).  Upon  the  axle  of  this  . 
pinion  is  fixed  another  large  toothed  wheel  d,  which  is  driven 
by  a  pinion  e.  Upon  the  axle  of  this  pinion  e  is  fixed  another 
large  toothed  wheel  f.  The  two  axles  of  tlie  wheels  d  and  f 
being  upon  the  same  level,  as  shown  in  the  figure,  one  conceals 
the  other. 

Two  winches  g  and  h  work  an  axle  upon  which  two  pinions 
L  and  K  are  fixed,  which  are  capable  of  being  moved  through  a 
small  space  right  and  left  horizontally  by  a  lever  m.  These 
pinions  are  formed  to  engage  in  the  wheels  D  and  e,  and  can  be 
thrown  into  or  out  of  connection  with  their  wheels  by  the  lever 
M.  As  shown  in  the  figure,  both  are  out  of  connection  with  d 
and  F,  and  the  crane  is  inoperative.  If  we  sui)pose  them  both 
in  connexion  with  the  wheels,  the  pinion  l,  driven  by  the  winch 
H,  will  drive  f,  and  consequently  e,  which  will  drive  d.  At  the 
same  time  the  pinion  k,  driven  by  the  other  winch  <;,  will  drive 
D.  Thus,  the  wheel  d  will  receive  at  once  the  efl^ect  of  the  two 
powers  applied  to  the  winches  a  and  11.  This  wheel  d  will  drive 
the  pinion  c  fixed  upon  its  axle,  which  will  tlrive  u,  and  conse- 
quently will  cause  the  axle  a  on  which  the  rope  or  cluiin  is 
coiled  to  revolve,  and  thus  to  raise  the  object  to  be  ek^vated. 

After  what  has  been  explained  respecting  the  relation  of  the 
power  and  weight,  it  will  be  evident  that  the  efficiency  of  such 
an  apparatus  will  altogether  depend  on  the  relative  diniensi(ms 
of  the  wheels  and  pinions.  But  in  all  cases  it  is  apparent  that 
the  weight  must  bear  a  very  large  ratio  to  the  i)ower.  A  crane 
constructed  upon  this  principle  by  M.  Cave,  the  well-known 
engine-maker  at  Paris,  has    been  erected  in  the  government 
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dockyard  at  Brest,  in  which  the  wheels  have  the  following  num- 
ber of  teeth : — 

The  wheel  b,  66  teeth. 

The  pinion  c,  1 1  teeth. 

The  wheel  d,  54  teeth. 

The  pinion  e,  9  teeth. 

The  wheel  f,  54  teeth. 

The  pinion  k,  9  teeth. 

The  pinion  L,  9  teeth. 


Fig.  312.  Fig.  311. 

By  this  crane  a  power  of  20  lbs.  applied  to  each  of  the  winders      i 
G  and  H  will  be  sufficient  to  raise  25  tons. 

Either  of  the  pinions  K  or  l  may  be  put  into  connection  wit^ 
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the  wheels  without  the  other,  so  that,  when  the  weights  to  be 
elevated  are  not  too  great,  the  crane  may  be  worked  by  one 
winch  only. 

339.  ]>r€»ps  for  loadinr  and  UBloadiny  TesBelB  at  quays 
and  wbarTMh — ^To  facilitate  the  process  of  loading  and  unload- 
ing vessels,  an  ingenious  contrivance,  which  is  very  nearly  self- 
acting,  has  been  adopted,  which  is  represented  in^.  313. 

An  iron  railway,  properly  supported  on  the  level  of  the  quay 
or  wharf,  is  continued  a  few  feet  beyond  its  edge,  so  as  to  over- 
hang the  water.  To  the  end  of  a  long  lever  which  turns  on  a 
centre  attached  to  the  quay  wall,  nearly  level  with  the  deck  of 
the  vessel,  is  suspended  a  platform,  upon  which  the  waggon  con- 
taining a  portion  of  the  matter  with  which  the  vessel  is  to  be 
freighted  stands.  The  end  of  this  lever  is  connected  by  a  rope 
Q  with  the  axle  of  a  windlass  c,  established  on  the  wharf. 
Coiled  upon  the  same  axle,  but  in  the  contrary  direction,  is 
another  rope  f,  attached  to  the  end  of  another  lever  b,  to  which 
a  counter-weight  d  is  suspended.  The  waggon  b  loaded  pre- 
ponderates a  little  over  the  weight  D,  and  by  this  preponderance 
it  descends  upon  the-  deck  of  the  vessel,  suitably  placed  to 
receive  it.  When  the  contents  of  the  waggon  are  discharged  in 
the  vessel,  the  weight  d  preponderates,  and  draws  the  waggon 
up. 

In  this  manner  the  weight  itself  of  the  goods  to  be  loaded 
becomes  the  moving  power  by  which  the  process  is  executed. 

If,  on  the  contrary,  it  be  required  to  unload  a  vessel,  the 
windlass  c  must  be  worked  by  some  power  adequate  to  raise  the 
weight  deposited  in  the  waggon  to  the  level  of  the  wharf.  No 
advantage  would  be  gained  in  that  case  by  increasing  the 
counter-weight  d,  so  as  to  give  it  a  preponderance  over  the 
loaded  waggon,  since  a  power  should  in  that  case  be  applied  to 
let  the  empty  waggon  down.  But  if  it  could  be  so  managed 
that  while  one  cargo  was  being  unloaded  another  could  be 
loaded,  the  work  would  be  executed  with  a  very  small  power, 
by  adjusting  the  counter- weight  d  so  as  to  balance,  as  nearly  as 
possible,  the  weight  of  the  loaded  waggon  both  in  ascending  and 
descending.  In  that  case  power  need  only  be  applied  sufficient 
to  overcome  the  friction  and  other  resistances  of  the  machinery, 
and  any  small  difference  that  might  exist  between  the  effect  of 
the  loaded  waggon  and  the  counterpoise. 
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CHAPTER  XXII. 

EJ^^GINES   WORKING  BY   IMPACT. 

340.  Pile-engliieB. — This  class  of  machine  is  an  example  of 
the  application  of  the  momentum  acquired  by  a  heavy  mass  fall- 
ing from  a  certain  height  as  a  mechanical  agent. 


Fig.  314. 

D  D 
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Heavy  weights  are  raised  by  the  moving  power  to  a  greater 
or  less  height,  from  which  they  are  let  fall  on  the  object  upon 
which  they  are  intended  to  act.  The  forms  and  magnitudes  of 
such  weights,  and  the  mechanism  by  which  they  are  elevated 
and  detached,  vary  according  to  the  purposes  to  which  the 
machines  are  applied. 

The  form  of  machine  properly  called  a  Pile-engine  is  applied 
to  drive  piles  into  the  ground,  upon  which  bridges  or  other 
structures  are  intended  to  be  erected. 

One  of  the  most  simple  and  primitive  forms  of  such  a 
machine  is  represented  in  fig,  314,  where  d  is  the  pile  to  be 
driven  into  the  earth,  the  top  of  which  is  bound  by  a  ring  of 
iron  to  prevent  it  from  being  split  or  flattened  by  the  blows  ;  a  is 
the  weight  let  fall  upon  it,  which  is  usually  a  large  block  of  cast 
iron  called  a  ram,  having  two  ears  cast  upon  its  sides,  which 
play  in  vertical  grooves  formed  in  the  two  uprights  c  c,  by  which 
the  ram  is  guided  in  its  fall,  and  prevented  from  deviating  from 
the  vertical  line.  In  this  case  the  ram  is  elevated  by  human 
laboiu",  the  extremity  of  the  rope  being  connected  with  several 
independent  cords,  each  of  which  is  pulled  by  a  man  ;  the  rope 
passes  at  the  top  of  the  framing  over  a  fixed  sheave  b,  from 
which  it  descends,  and  is  tied  to  a  ring  at  the  top  of  the  ram. 

When  the  ram  is  elevated  to  the  top  of  the  framing,  the  men 
let  go  the  ropes  simultaneously  by  a  signal.  It  is  very  impor- 
tant that  the  ropes  should  be  all  let  go  at  the  same  instant,  since 
if  Eome  men  held  on  after  others  had  let  go  they  would  be 
dragged  up,  and  grave  accidents  would  ensue.  Where  such 
machines  are  used,  the  men  are  accustomed  to  accompany  their 
work  by  a  sort  of  chant  which  regulates  the  moment  of  dismissal. 

A  more  complex  pile-driver  is  shown  in  fig.  315,  where 
the  rope  which  raises  the  ram,  instead  of  being  directly  drawn 
by  human  power,  is  worked  by  a  windlass  having  two  winches, 
A  A,  by  means  of  which  two  or  four  men  can  raise  a  ram  of 
enormous  weight. 

The  axle  b,  tiumed  by  the  winches,  has  upon  it  a  pinion  e 
which  works  in  the  teeth  of  a  large  wheel  attached  to  the  drum 
upon  which  the  rope  is  coiled.  When  the  ram  is  raif^d  by  the 
windlass  to  the  top  of  the  framing,  the  pinion  e  is  disengaged 
from  the  teeth  of  the  large  wheel  by  means  of  a  lever  c  d  e, 
which  turns  horizontally  on  a  centre  d,  and  is  terminated  in  a 
fork  at  E,  which,  laying  hold  of  the  axle  b,  moves  it  horizontally, 
so  as  to  make  it  slide  in  its  bearings,  and  thus  to  withdraw  the 
teeth  of  the  pinion  E  from  those  of  the  great  wheel.  The  wheel 
being  thus  detached,  the  ram  would  be  free  to  fall  upon  the 
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pile,  but  in  that  case  it  would  draw  the  rope   after  it  with  a 


Fig.  31 ^ 
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force  and  velocity  which  would  soon  wear  it  out ;  this  is  pre- 
vented by  an  expedient  which  is  represented  in^.  316. 

The  rope,  instead  of  being  inunediately  attached  to  the  head 
of  the  ram  o,  is  attached  to  a  piece  of  mechanism  consisting  of  a 
sort  of  pincers  h  o  K,  the  two  arms  of  which  play  upon  centres 
and  are  pressed  outwards  by  the  springs  1 1,  which  keep  the 
points  of  the  hooks  k  in  close  contact.  The  lower  surfaces  of 
these  hooks  are  curved,  so  that,  when  they  descend  upon  the 
ram,  the  ring  forces  itself  between  them,  the  springs  1 1  yielding 
to  the  pressure.     When  the  upper  part  of  the  ring  has  passed 


L I 

Fig.  316.  Fig.  317. 

above  the  edges  of  the  hooks,  the  latter  are  forced  into  the  hole 
in  the  centre  of  the  ring  by  the  reaction  of  the  springs,  the  ring 
then  resting  upon  the  upper  surface  of  the  hooks.  The  appa- 
ratus is  thus  firmly  connected  with  the  ram  G,  so  that  the  whole 
can  be  raised  by  the  windlass.  When  it  is  elevated  to  the  top 
of  the  framing,  the  tops  of  the  curved  handles  H  h  pass  into  an 
opening  with  oblique  sides,  which,  pressing  upon  them,  force 
the  handles  together,  the  springs  i  i  yielding  to  the  pressure  ; 
the  hooks  k  k  are  thus  separated,  and  the  ring  attached  to  the 
ram  being  no  longer  supported  by  them,  the  latter  falls  upon 
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the  pile.  Meanwhile,  the  block  to  which  the  apparatus  h  o  k  is 
attached,  slightly  preponderating  over  the  resistance  of  the 
rope,  slowly  descends,  and  the  hooks  K  K  again  engage  them- 
selves in  the  ring  so  that  the  ram  can  be  again  elevated  by  the 
windlass. 

341.  Btamplngr-engrlne. — One  of  the  most  extensively  useful 
forms  which  engines  constructed  upon  this  principle   assume. 


Fig.  318. 


is  that  which  is  applied  to  the  pounding  of  ore  raised  from 
mines.  The  raw  ore  consists,  as  is  well  known,  of  parts  which 
are  more  or  less  metallic,  mechanically  mixed  with  earthy, 
stony,  and  non-metallic  matter,  from  which  it  is  separated  by 
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reducing  it  to  dust  by  pounding.  The  pieces  of  mechamam  by 
which  this  is  accomplished,  called  a  '  stamping-mill/  consist  of  a 
combination  of  pile-engines,  identical  in  principle  with  those 
described  above,  but  worked  in  a  somewhat  different  manner. 

A  front  view  of  a  set  of  four  stampers,  with  the  apparatus 
which  drives  them,  is  shown  in  Jig.  317,  and  a  side  view  of  part 
of  a  stamping  mill  is  shown  in  Jig.  318. 

The  stampers  are  mounted  in  sets  of  four  or  more  in  imme- 
diate juxtaposition,  and  set  in  framing,  as  shown  in  Jig.  317. 
To  each  stamper  c  c  (Jig.  318)  a  projecting  piece  b  is  attached, 
upon  which  four  curved  projecting  pieces  A  A  a  a,  called  caniHj 
attached  to  an  axis,  made  to  revolve  by  the  moving  power,  act. 
When  one  of  these  cams  a  comes  against  b  it  throws  up  the 
stamper  c  ;  and  after  it  passes  from  under  B,  the  stamper  c  falls, 
and  the  pounder,  at  its  lower  end,  strikes  upon  the  ore  placed  . 
under  it.  The  moment  that  this  takes  place  the  next  cam  a 
comes  under  the  T^iece  B,  and  again  raises  and  lets  it  fall.  In 
this  manner  each  stamper  is  raised  and  let  fall  four  times  in 
each  revolution  of  the  axis.  There  is  a  distinct  series  of  four 
cams  for  each  stamper,  and  each  series  of  four  cams  holds  a 
difi'erent  position. on  the  axis,  so  that  no  two  of  them  will  act  at 
the  same  moment  upon  the  stamper.  It  may  be  easily  conceived 
that  the  16  cams  which  thus  work  a  system  of  four  stampers,  let 
fall  those  stampers  at  1 6  equal  intervals  in  the  time  of  a  single 
revolution  of  the  axis.  Thus  the  ore  will  receive  16  blows  in 
each  revolution,  A  stream  of  water  flowing  through  the  pipe  d, 
I)asses  through  a  spout,  along  e,  to  the'ore,  which  it  washes,  the 
earthy  and  stony  matter  being  separated  from  the  metal  by 
the  process  of  straining. 

A  fly  wheel  is  represented  in  the  figure  as  attached  to  the 
apparatus,  to  equalise  the  action  of  the  moving  power  ;  but  such 
an  appendage  is  not  necessary  when  the  cams  divide  a  revolu- 
tion of  the  axis  into  so  many  parts  as  is  here  supposed,  the 
resistance  being  in  that  case  nearly  continuous. 

342.  Tlie  sledgre  bammer  is  another  example  of  accumu- 
lated force  obtained  by  the  descent  of  a  heavy  mass.  This  appa- 
ratus, in  its  largest  and  most  efficient  form,  is  represented  in 
^9'  3^9)  upon  a  scale  of  i  in.  to  7  feet. 

The  head  of  the  hammer  a,  is  a  mass  of  cast  iron,  weighing 
from  I J  to  2  tons,  pierced  with  a  large  opening,  in  which  the 
head  of  the  handle  b  is  inserted  and  secured  by  a  wedge.  This 
handle  turns  upon  a  centre  c,  and  is  acted  upon  at  its  extremity 
by  cams  D  d,  projecting  from  an  axle,  driven  by  an  arm  E,  which 
receives   its   motion   from  some  moving  power,  such  as  steam 
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or  water.     When  the  cams  descend,  and  strike  the  end  of  the 
handle  b,  the  hammer  a  is  raised,  and  as  the  motion  is  rapid,  it 


is  jerked  upwards  against  a  horizontal  beam  of  wood  above  it, 
by  the  elasticity  of  which  it  is  repelled,  and  descending  falls 
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upon  the  mass  of  red-hot  iron  to  be  forged,  which  is  previously 
laid  upon  the  anvil  l.  Since  the  axle  driven  by  b  encounters 
no  resistance,  except  while  the  cams  act  upon  the  handle  of  the 
hammer,  the  machine  would  be  unduly  accelerated  in  these  in- 
tervals of  suspension  of  the  resistance,  were  it  not  that  a  heavy 
fly  wheel  f  f  is  mounted  on  the  axle,  which,  receiving  the  force 
of  the  moving  power,  becomes  a  depository  thereof,  and  com- 
bines with  the  moving  power  in  acting  upon  the  hammer  when 
the  next  cam  encounters  the  handle. 

A  workman  holds  a  long  iron  rod,  to  the  end  of  which  the 
mass  of  red-hot  iron  to  be  forged  is  attached,  and  turns  it  be- 
tween stroke  and  stroke  of  the  hammer,  from  one  position  to 
another,  so  that  it  can  be  beaten  in  any  desired  manner. 

A  rod  of  iron,  o,  is  governed  by  a  lever  h  g,  by  which  it  can 
be  brought  at  will  under  the  handle  of  the  hammer,  so  as  to  pre- 
vent it  from  falling  on  the  anvil  when  it  is  desired  to  remove 
one  piece  of  iron  already  forged  and  to  replace  it  by  another. 
During  this  process  the  axis  continues  to  be  driven,  and  the 
cams  still  act  upon  the  hammer,  but  the  hammer  only  plays 
between  the  rod  g  and  the  beam  above  it.  When  it  is  desired 
to  recommence  the  forging  on  another  piece  of  iron,  the  rod  g  is 
withdrawn  and  the  hammer  again  allowed  to  fall. 

The  horizontal  beam,  which  reacts  by  its  elasticity  on  the 
heel  of  the  hammer,  adds  nothing  to  its  force,  for  if  it  were  not 
present,  the  hammer  would  rise  to  a  greater  height,  and  would 
acquire  an  increase  of  force  in  its  fall  exactly  equal  to  that  which 
it  receives  from  the  reaction  of  the  beam,  or,  more  strictly 
speaking,  a  little  more,  the  beam  not  being  perfectly  elastic. 
The  advantage  of  the  beam  is  that  it  makes  the  hammer  return 
to  the  anvil  in  shorter  intervals,  and  consequently  to  give  a 
greater  number  of  blows  to  the  iron  in  a  given  time. 

343.  Tlie  coiningr  press. — The  first  process  in  the  fabrica- 
tion of  coin  consists  in  the  production  of  the  proper  composition 
of  metal  of  which  the  coin  is  to  be  made,  for  the  silver  and  gold 
used  for  coining,  when  absolutely  pure,  do  not  possess  the  re- 
quisite hardness, — a  quality  which  is,  however,  easily  imparted 
to  them,  by  alloying  them  with  a  small  proportion  of  baser 
metal.  When  thus  properly  alloyed,  and  formed  into  ingots  or 
bars,  they  are  submitted  to  the  process  of  rolling,  so  as  to  be 
reduced  to  the  form  of  plates  of  a  regulated  thickness, — an 
object  which  is  attained  with  great  precision  by  forcing  them 
between  rollers  of  tempered  steel,  placed  at  a  distance  one  from 
the  other  equal  to  the  thickness  of  the  intended  plate  of  pre- 
pious  metal. 
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The  plates  thus  produced  are  then  submitted  to  the  action 
of  circular  punches  of  hard  steel,  by  which  circular  discs  are 
punched  from  them  of  the  exact  size  of  the  coins  to  be  made. 
These  discs,  which  are  called  blanks,  are  then  submitted  to  the 
coining  press. 

This  press  has  been  designed  in  various  forms  at  different 
mints,  but  is  generally  constructed  upon  the  principle  of  the 
screw. 

The  characters  and  figures  to  be  raised  upon  the  coin  are 
first  engraved  with  the  greatest  precision  in  sunk  characters,  or 
*  intaglio,^  upon  circular  surfaces  of  hardened  steel.  These  are 
called  dies,  and  two  of  them  are  of  course  required  for  each 
coin.  These  dies  are  placed  in  the  press,  one  at  its  base,  with 
its  engraved  face  upwards,  and  the  other  attached  to  the  end  of 
a  rod  driven  by  the  screw,  with  its  engraved  face  downwards. 


I'jg.  320. 
The  blank  is  then  placed  upon  the  lower  die,  and  the  upper  die 
is  driven  down  upon  it  by  the  screw  with  a  force  sufficient  to 
drive  the  metal  of  the  blank  into  all  the  sunk  characters  of  the 
two  dies,  in  the  same  manner  exactly  as  wax  is  forced  into  the 
sunk  characters  of  a  seal  by  the  pressure  of  the  hand. 

Such  being  the  general  principle  of  the  coining  press,  the 
details  of  its  mechanism,  which  vary  much  in  different  places, 
may  be  illustrated  by  those  of  the  press  represented  in  elevation 
in^gr.  320,  the  parts  being  shown  on  a  larger  scale  in  figs.  321 
and  322. 

The  lever  by  which  the  screw  is  driven  is  a  long  metal  bar 
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c  c,  having  heavy  knobs  at  the  ends,  and  strong  bunches  of 
ribbon  or  cord,  which  the  men  who  drive  the  press  lay  hold  of, 


Fig.  321. 


Fig.  322. 

to  impart  the  necessary  motion  to  the  screw.     The  masses  c  c, 
receiving  thus  from  the  hand  a  considerable  velocity,  acquire  a 
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great  momentum,  the  effect  of  which,  transmitted  to  the  upper 
die  attached  to  the  screw,  is  augmented  in  the  proportion  of 
the  circumference  described  by  the  knobs  c  c,  to  the  intervals 
between  the  threads ;  a  proportion  which,  it  is  obvious,  is  always 
very  great. 

The  base  plate  of  the  press,  with  the  circular  cavity  to  re- 
ceive the  lower  die,  is  shown  in  jig.  322.  Upon  this  plate  is 
attached  a  piece  H,  which  is  moved  horizontally  by  the  mecha- 
nism M  N  L  (Juf,  321),  so  that  when  the  sc|:ew  rises  after  making 
the  impression  upon  the  blank,  the  piece  H  turns  upon  a  joint 
at  its  extremity,  moves  towards  the  blank  with  a  rapid  jerk, 
throwing  out  the  coined  piece,  and  dropping  into  its  place 
another  blank  to  be  coined  by  the  next  stroke  of  the  press. 

There  are  various  other  practical  details  in  this  mechanism, 
which  it  will  not  be  necessary  here  to  discuss,  the  general  prin- 
ciple being  rendered  sufficiently  clear  from  what  has  been  stated 
.above. 

In  some  still  more  recent  coining  presses  the  screw  action  has 
been  replaced  by  a  mechanism  constructed  upon  the  principle 
of  the  knee-lever  explained  in  art.  202.  One  of  these  presses, 
of  the  most  recent  construction  and  improved  form,  is  repre- 
sented in^gr.  323,  being  that  which  was  contructed  byM.  Thon- 
nelier  for  the  mint  at  Paris,  where  it  is  now  worked. 

The  working  shaft  which  imparts  motion  to  the  machine 
carries  a  large  fly-wheel  z  to  equalise  its  motion.  Upon  this 
shaft  a  short  crank  o  is  connected  with  a  lever  h  by  a  rod  r. 
The  lever  h  is  made  to  vibrate  on  the  centre  a  by  the  motion  of 
the  crank,  and  a  corresponding  oscillatory  motion  is  imparted 
to  the  short  arm  a  6,  which  is  at  right  angles  to  the  long  arm  h. 
This  short  arm  is  connected  with  a  piece  o,  which  carries  the 
upper  die,  by  the  rod  i,  and  the  knee-joint  at  h  transmits  to  the 
upper  die  an  intense  pressure,  upon  the  principle  already  ex- 
plained in  art.  202. 

This  action  differs  essentially  by  substituting  pressure  for  a 
blow,  and  is  consequently  more  favourable  to  the  preservation 
and  durability  of  the  mechanism. 

The  rod  i  acts  upon  the  piece  o  by  a  ball  resting  in  a  corre- 
sponding socket,  and  this  piece  o  is  pressed  upwards  against  the 
ball  by  heavy  counter-weights  n  acting  upon  the  lever  o  j  c 
.  through  the  intervention  of  the  lever  m  and  the  vertical  rod  l. 
The  lower  die  is  placed  in  a  cavity  in  the  upper  part  of  the  fixed 
block  Q,  and  the  blanks  are  placed  upon  it  and  removed,  after 
being  coined,  by  mechanism  which  does  not  differ  much  in  prin- 
ciple from  that  already  described^  and  which  is  worked  by  the 


Digitized 


by  Google 


412  PRACTICAL  ILLUSTRATIONS. 

levers  s'  and  8,  the  latter  of  which  receives  an  oscillating  motion  ' 
by  a  pin  /,  which  is  moved  along  a  sinuous  groove  formed  in  a 


Fig.  323. 


central  plate  fixed  upon  the  main  shaft,  and  turning  with  the 
fly-wheel.  This  groove  is  indicated  in  the  figure  by  a  dotted 
line. 
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CHAPTER  XXIII. 


BORING,   PLANING, 


SAWING,   AND   SCREW  AND  TOOTH   CUTTING 
ENGINES. 


344.  Borlngr  tools. — All  instruments  of  this  class,  great  and 
small,  present  examples  of  continued  rectilinear,  produced  by 
continued  circular  motion.  The  point  of  the  boring  tool  Ls 
driven  continually  in  one  direction  by  means  of  a  circular  mo- 
tion imparted  to  a  disc  or  lever  attached  to  it. 

The  common  bow-drill  (fig.  324)  presents  a  familiar  example 
of  this. 


Fig.  3'?4. 

The  bit  and  brace  (fi^.  325)  presents  another  example.  The 
handle  is  turned  rapidly,  while  the  bit  is  pressed  with  its  point 
upon  the  object  to  be  bored. 

The  form  of  the  point  of  the  bit  varies  with  the  material  to 
be  bored,  and  the  magnitude  and  shape  of  the  hole.  Different 
forms  of  bits  are  shomn  in Jlffs.  326-332. 


Fig.  325. 


I  ig.  32S. 


m 


Fig.  327. 
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Fig.  328. 


Fig.  329- 


Fig.  330. 


Ilf>'^ 


Fig. ?3i. 


Fig.  332. 


For  heavier  work,  drilling  and  boring  machines,  with  self- 
acting  mechanism,  and  driven  by  steam-  or  water-power,  are 
constructed  on  a  large  scale.  Machines  of  this  kind  are  used 
for  drilling  the  holes  in  the  end  plates  of  large  tubular  boilers, 
in  the  heads  and  flanges  of  steam  cylinders,  and  other  heavy 
work.  The  principle  is  the  same  as  that  of  the  ordinary  hand- 
drill,  the  details  of  the  mechanism  for  imparting  the  motion,  for 
changing  the  position  of  the  drill  or  of  the  work,  or  both,  and 
the  scale  of  the  machine,  only  being  different. 

345.  Planinir  macliine.— This  machine  presents  an  example 
of  the  production  of  a  continuous  rectilinear  by  a  continuous 
circular  motion.  The  purpose  to  which  it  is  applied  is  to  render 
the  surfaces  of  pieces  of  metal  perfectly  plane. 

The  block  or  plate  of  metal  to  be  planed  is  firmly  attached 
to  a  bed  b  {Jig.  333),  which  is  connected  with  a  screw  s  s',  which 
extends  longitudinally  from  end  to  end  of  the  machine,  and 
which  is  turned  by  a  winch  A  h,  or  other  similar  contrivance. 
The  screw  plays  in  nuts  attached  to  the  bottom  of  the  bed  b  ; 
and  as  it  turns  in  sockets  in  the  ends  s  s'  of  the  £rame,  and  has 
therefore  no  progressive  motion,  it  must  impart  a  progressive 
motion  to  the  frame  b,  and  consequently  to  the  plate  of  metal 
to  be  planed.  By  each  revolution  of .  the  screw  the  metal  to  be 
planed  is  thus  advanced  through  a  space  equal  to  the  interval 
between  the  threads.  This  motion  may  be  rendered  as  slow  as 
is  necessary  by  regulating  the  motion  of  the  winch  ah.  A' 
frame  n  is  fixed  horizontally  in  grooves  in  the  upright  pieces 
E  e'.  In  this  frame  is  inserted  a  screw  p',  worked  by  a  winch 
o  g'.  This  screw  carries  a  piece  i,  in  which  is  inserted  a  cutter 
c,  formed  of  hardened  bteel,  presenting  its  point  in  a  direction 
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contrary  to  that  in  which  the  metal  to  be  planed  is  moved. 
This  cutter  is  raised  and  lowered  at  pleasure  by  a  winch  l.  The 
piece  I  which  carries  the  cutter  is  moved  transversely,  by  means 
of  the  winch  a  o'  turning  the  screw  f'. 

When,  by  means  of  the  winches  g'  and  l,  the  position  of  the 
cutter  c  is  properly  adjusted,  the  surface  of  the  metal  is  moved 
slowly  against  it,  by  turning  the  winch  h.  The  cutter  thus 
acting  detaches  from  the  metal  a  narrow  shaving,  and  forms  in 
it  a  very  narrow  and  shallow  groove. 


direction. 

The  cutter  c  is  now  advanced  transversely  through  a  very 
small  space  towards  E,  by  turning  the  winch  o'.  It  will  be 
understood  that  this  motion  is  susceptible  of  any  required 
degree  of  minuteness,  since  an  entire  revolution  of  the  winch  g' 
would  advance  the  cutter  through  no  greater  space  than  the 
interval  between  the  threads  of  the  screw  f',  the  threads  of. 
which  may  be  made  fine,  and  the  winch  g'  may  be  turned  only 
through  a  small  fraction  of  an  entire  revolution.  The  machine 
is  now  prepared  to  recommence  its  operation  ;  and,  by  turning 
H  continuously,  another  groove  will  be  cut  in  the  surface  of 
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the  metal  parallel  to  the  former,  and  equal  to  it  in  breadth  and 
depth. 

In  fine,  by  continuing  this  process,  the  surface  of  the  metal 
will  be  rendered  not  plane  but  grooved  ;  and  by  making  the 
grooves  finer  and  finer,  they  will  at  length,  for  all  practical  pur- 
poses, disappear,  and  the  surface  will  be  plane. 

All  planing  engines,  whatever  be  their  form  or  magnitude, 
are  constructed  upon  the  general  principle  which  has  been  illus- 
trated in  that  here  described.  They  differ,  however,  in  their 
details.  It  will  be  observed  that  in  the  form  of  machine  here 
described  the  operation  is  intermitting,  being  suspended  while 
the  bed  supporting  the  object  to  be  planed  is  carried  back  from 
s'  to  8,  It  is,  therefore,  desirable  that  this  returning  motion 
should  be  more  rapid  than  the  .slow  motion  which  takes  place 
from  s'  to  8.  In  the  best  engines  a  provision  is  accordingly 
made  for  a  quick  return  motion  ;  but  in  some  a  contrivance  is 
introduced  for  reversing  the  cutting  tool,  so  that  the  operation 
can  be  executed  while  the  bed  b  is  moved  backwards  as  well  as 
forwards. 

In  some  machines  a  circular  motion  can  be  given  to  the  bed, 
so  that  the  cutter,  instead  of  making  longitudinal  grooves,  makes 
concentric  circuit  or  spiral  grooves. 

By  thus  varying  the  adjustments  and  motions,  as  well  of  the 
bed  or  table  supporting  the  object  operated  on,  as  of  the  cutting 
tool,  these  machines  can  be  applied  to  the  formation  of  all  sorts 
of  work,  such  as  shaping  and  planing  levers,  cranks,  straps,  and 
crossheads,  and,  in  short,  all  the  parts  of  the  larger  class  of 
machines.  They  are  so  constructed  as  to  be  self-acting,  being 
driven  by  steam-  or  water-power,  and  are  sometimes  made  on  a 
scale  of  great  magnitude. 

346.  Saw-mills. — The  mechanical  action  of  a  saw,  whatever 
be  the  substance  it  is  applied  to  divide,  is  so  regular  and  uni- 
form, that  it  is  obvious  that  machinery  may  easily  be  adapted 
to  move  it  instead  of  the  hand.  It  was,  therefore,  one  of  the 
earliest  forms  of  labour  in  which  the  human  arm  was  relieved 
by  inanimate  power.  Saws  driven  mechanically  by  windmills, 
have  been  worked  from  time  immemorial  in  Holland.  The 
application  of  water-power  to  this  industry  is  very  general  in 
mountainous  and  woody  countries,  where  the  frequent  falls  of 
water  supply  means  of  working  the  machinery,  by  which  the 
timber  is  divided  and  adapted  for  transport  at  almost  a  nominal 
cost. 

The  form  of  saws  thus  driven  is  either  circular  or  straight. 
A  circular  saw  is,  as  the  name  implies,  a  thin  round  disc  of 
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steel,  having  the  teeth  of  a  saw  formed  upon  its  edge,  which  is 
fixed  upon  a  shaft  to  which  a  very  rapid  motion  of  revolution  is 
imparted  by  the  moving  power.  The  saw  in  this  case  remain- 
ing stationary  in  its  position,  the  object  to  be  divided  by  it  is 
urged  against  its  teeth,  with  a  regulated  pressure,  and  constantly 
advanced,  as  the  incision  is  made.  When  it  is  applied  to  divide 
wood,  for  example,  the  blade  of  the  saw,  being  vertical,  rises 
through  a  slit  in  a  level  table,  at  which  the  operator  stands,  and 
upon  which  he  places  the  block  of  wood  to  be  cut,  pressing  it 
gently  against  the  teeth  of  the  saw,  and  advancing  it  continually 
until  it  is  completely  divided. 

Such  saws  are  used  for  squaring  the  ends  of  the  iron  rails 
used  in  railways.  The  saws  adapted  for  this  purpose  are 
usually  about  40  inches  in  diameter  and  i-ioth  of  an  inch  thick, 
turning  at  the  rate  of  about  9CX)  revolutions  per  minute,  or  1 5  per 
second.  The  iron  rail  is  then  applied  to  them  red  hot,  and  the 
lower  part  of  the  saw  is  immersed  in  a  trough  of  water  to  keep 
it  cool. 

Straight  saws  worked  by  machinery  consist  of  an  oblong  rect- 
angular blade,  like  that  of  a  common  knife  mounted  upon  a 
rectangular  frame,  with  screw  adjustments,  for  the  purpose 
of  giving  the  necessary  tension  to  the  blade.  When  these  are 
applied  to  divide  timber  into  boards  or  planks,  they  are 
placed  vertically,  and  are  moved  with  an  up  and  down  motion, 
exactly  similar  to  that  given  to  them  when  worked  by  hand  in  a 
saw  pit.  Instead,  however,  of  advancing  against  the  timber,  as 
in  the  latter  case,  the  timber  being  stationary,  the  timber  is  ad- 
vanced against  the  saw,  the  saw  being  stationary.  Saws  worked 
in  this  way  make  from  1 20  to  1 50  strokes  per  minute,  and  cut 
at  the  rate  of  from  one-tenth  to  half  an  inch  per  stroke,  accord- 
ing to  the  softness  or  hardness  of  the  wood. 

To  render  intelligible  this  important  application  of  the  saw, 
we  shall  here  describe  one  of  the  most  improved  forms  of  the 
saw  mill  adapted  to  cut  veneering  from  mahogany  and  other 
precious  ornamental  woods. 

The  moving  power,  as  is  customary  in  mills  for  all  purposes, 
imparts  revolution  to  a  shaft  or  shafts,  which  are  carried  along 
the  rooms  under  the  ceilings  in  which  the  machines  are  estab- 
lished. Upon  these  shafts  over  each  machine  a  drum  a.  {fig. 
334)  is  fixed,  which  revolves  with  the  shaft.  This  drum  is  con- 
nected by  an  endless  band  with  the  axle  B  of  a  fly-wheel  e  b, 
and  is  kept  tight  by  a  bar  D  c  fixed  upon  the  centre  d,  and  press- 
ing against  it  with  its  weight  by  a  roller  c.  When  it  is  desired 
to  suspend  the  motion  of  the  machine,  it  is  only  necessary  to 
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raise  the  bar  d  c,  when  the  band  becoming  slack,  the  motion  of 
A  will  not  be  imparted  to  b. 

A  connecting  rod  o  F  is  attached  by  a  pin  f  to  one  of  the 
arms  of  the  fly-wheel  e  e,  at  a  distance  from  the  centre  equal  to 
half  the  stroke  intended  to  be  given  to  the  saw.  The  other  end 
G  is  attached  in  like  manner  by  a  pin  to  the  frame  of  the  saw, 
which  is  movable  in  horizontal  grooves,  so  that  by  each  revolu- 
tion of  the  fly-wheel  the  pin  g,  and  with  it  the  saw,  is  moved 


Fig.  334. 

backward  and  forward  through  the  space  m  n,  which  is  equal  to 
twice  the  distance  of  f  from  the  centre  of  the  fly-wheel. 

A  view  of  the  sawing  machine,  driven  by  the  rod  f  g,  is 
given  in^.  335,  where  the  end  Gof  that  rod  appears  broken  off. 
One  side  of  the  horizontal  frame  which  carries  the  saw  is  shown 
at  H  H,  the  blade  of  the  saw  being  behind  this,  and  therefore 
not  visible  in  the  figure.  A  rod  of  strong  wire  is  seen  in  front 
of  H  H,  which  passes  through  blocks  at  each  end  of  the  frame, 
and  is  secured  by  nuts  screwed  upon  it,  by  means  of  which  the 
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rod  is  shortened  so  as  to  increase  the  tension  of  the  blade  of  the 
saw.  This  blade  is  kept  exactly  vertical,  the  teeth  being  down- 
wards, by  a  plate  of  iron,  k,  the  lower  edge  of  which  is  levelled 
towards  the  saw. 

According  to  what  has  been  explained,  the  saw  receives  an 
alternate  motion  right  and  left  through  a  space  equal  to  m  n 
{fig-  334).    If,  therefore,  the  wood  to  be  cut  be  pressed  upwards 


Fig.  335. 

against  its  teeth  in  a  suitable  manner,  the  desired  separation  will 
be  effected.     We  shall  now  explain  how  this  is  accomplished. 

In  fig.  335  there  is  a  vertical  frame  u  u  fixed  behind  the  saw, 
to  which  a  rack  t  t  is  attached.  In  the  teeth  of  this  rack  a 
pinion  s,  fixed  upon  the  axle  of  a  rachet  wheel  q  q,  works.  In 
the  teeth  of  this  rachet  wheel  are  engaged  two  catches  :  one  r, 
playing  on  a  centre  attached  to  the  frame,  and  urged  against 
the  teeth  by  a  spring  ;  and  the  other  fixed  upon  the  lower  end 
of  a  bar  F  which  turns  on  the  centre  n,  and  which  is  urged  against 
the  teeth  by  a  spring  which  appears  in  the  figure.     A  lever  l 
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works  \ipon  a  centre  attached  to  the  sliding  frame  of  the  saw, 
and  which,  therefore,  moves  right  and  left  with  it.  This  lever 
imparts  a  corresponding  motion  to  m,  and  the  latter  to  n.  By 
this  means  the  short  lever  n  moves  p  alternately  upwards  and 
downwards  with  each  stroke  of  the  saw.  When  p  is  raised,  it 
draws  the  hook  at  its  lower  end  upwards  from  the  tooth  of  the 
ratchet  wheel  in  which  it  was  engaged  ;  and  when  it  has  risen 
to  the  limit  of  its  play,  the  spring  presses  it  over  the  next  tooth. 
When  p  descends,  the  hook  presses  the  tooth  of  the  wheel  down ; 
and,  causing  the  wheel  to  move  through  a  small  space,  the  other 
catch  R  passes  to  the  next  tooth.  In  this  manner  with  each 
stroke  of  the  saw  the  ratchet  wheel  is  advanced  one  tooth  ;  and 
the  pinion  s  receiving  a  corresponding  motion,  the  rack  t  t,  and 
the  frame  u  u  to  which  it  is  attached,  are  raised  through  a  cor- 
responding small  space. 

Now,  between  this  frame  u  u  and  the  blade  of  the  saw  a 
space  sufficiently  wide  is  left  for  the  introduction  of  the  block  of 
wood  from  which  the  sheets  of  veneering  are  to  be  cut.  That 
block,  therefore,  being  so  introduced,  is  glued  to  the  frame  u  u, 
its  upper  edge  at  the  commencement  of  the  operation  being  a 
little  below  the  teeth  of  the  saw. 

The  framing  which  carries  the  saw  is  traversed  by  two  screws 
V  V,  connected  by  an  endless  chain,  both  of  which  receive  a 
common  motion  from  one  handle  which  appears  in  the  figure, 

attached  to  the  right-hand  screw. 
By  means  of  these  screws  the 
frame  u  u,  with  a  block  of  wood 
attached  to  it,  can  be  moved 
through  any  desired  space  to  or 
from  the  saw.  In  the  commence- 
ment of  the  operation  the  upper 
edge  of  the  block  is  by  this 
means  brought  under  the  teeth 
of  the  saw,  in  such  a  position 
>  that  a  sheet  of  veneering  of  the 
requisite  thickness  shall  be  cut 
from  it. 

These    arrangements    being 
made,  and  the  machine  being  put 
in  motion  by  throwing  the  bar  d  <• 
*i«-  336.  {fig,  334)  on  the  band,  the  work 

proceeds,  and  the  saw  detaches  a  sheet  of  veneering.  The  man- 
ner in  which  the  saw  thus  operates  is  shown  more  conspicuously 
in  fig.  336,  where  x  x  is  the  block  of  wood,  and  y  y  some  bars, 
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\y  means  of  which  it  is  fastened  to  the  frame  u  u  (fig.  335).  It 
will  be  remembered  that  by  each  stroke  of  the  saw,  the  frame 
u  u,  and  with  it  the  block  x  x,  is  raised  through  a  small  height 
by  the  action  of  the  levers  L  M  N  p.  The  mechanism  is  so  adjusted 
that  this  height  shall  be  equal  to  the  depth  of  the  wood  through 
which  the  saw  can  make  an  incision  at  each  stroke.  The  bevelled 
bar  K*K  separates  the  sheet  of  veneering  from  the  block,  so  as  to 
prevent  the  saw  from  being  locked  between  them ;  and  as  this  sheet 
is  too  thin  to  support  its  own  weight,  it  is  sustained  by  a  loop  of 
wire,  a  little  below  the  top  of  the  block,  as  shown  in  the  figure. 

In  the  practical  operation  of  the  machine,  the  drum  A  re- 
volves at  the  rate  of  "about  one  revolution  per  second,  and  if  its 
diameter  be  5  times  that  of  the  axle  b,  the  latter  will  revolve  5 
times  per  second,  and  the  same  number  of  strokes  will  be  made 
per  second  by  the  saw.  If  the  wood  from  which  the  veneering 
is  cut  be  mahogany,  the  depth  cut  by  each  stroke  will  be  about 
the  fiftieth  of  an  inch  ;  and  such  a  saw  will  be  capable  of  detach- 
ing aCbout  400  square  feet  of  veneering  per  day. 

After  each  sheet  of  veneering  is  cut  off,  the  action  of  the 
machine  is  suspended  by  raising  the  bar  d  c,  and  the  frame  u  V 
13  then  lowered  by  disengaging  the  two  catches  from  the  ratchet 
wheel,  untn  the  upper  edge  of  the  block  x  x  is  brought  below 
the  teeth  of  the  saw,  and  the  screws  v  v  are  then  turned  until 
the  upper  edge  of  the  block  is  brought  sufficiently  within  the 
teeth  of  the  saw  to  detach  another  sheet  of  veneering  of  the 
necessary  thickness. 

It  is  found  that  the  thickness  of  wood  converted  into  saw- 
dust by  this  process  is  about  the  fiftieth  of  an  inch,  and  if  the 
thickness  of  the  sheet  of  veneering  be  also  the  fiftieth  of  an  inch, 
which  it  may  be,  and  generally  is,  it  is  evident  that  50  per  cent, 
of  the  wood  will  be  wasted  in  the  process. 

It  is  obvious  that  in  the  case  of  highly  valuable  woods,  which 
are  precisely  those  that  are  cut  in  the  thinnest  sheets,  it  is 
highly  desirable  to  avoid  a  waste  so  extensive,  and  various 
attempts  have  been  accordingly  made  from  time  to  time  to  sub- 
vStitute  the  plane  for  the  saw  in  the  cutting  of  veneering,  so  that 
the  wood  would  be  detached  in  thin  shavings  without  any  waste 
at  all.  It  cannot  be  said,  however,  that  as  yet  these  attempts 
have  been  attended  with  any  practical  success. 

347.  Screw-catUngr  engine. — This  engine  affords  another 
example  of  the  reciprocal  production  of  circular  and  rectilinear 
motion.     It  is  represented  in  fig,  337. 

The  wheel  a  imparts  rotation  to  the  cylindrical  rod  s  s',  upon 
which  it  is  desired  to  cut  a  thread.     A  toothed  wheel  b  is  fixed 
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upon  the  rod  s  s',  and  revolves  with  it.  This  wheel  imparts  re- 
volution to  a  smaller  toothed  wheel  c,  which  is  fixed  upon  the 
end  of  a  fine  screw  by  which  a  progressive  motion  is  imparted  to 
the  piece  h,  in  which  a  cutter  D  is  inserted.  It  is  evident  that 
the  proportion  between  the  progressive  motion  imparted  to  the 
cutter  D,  and  the  rotatory  motion  of  the  rod  s  s',  is  regulated  by 
the  proportion  of  the  wheels  b  and  c,  and  the  thread  of  the 
screw  driven  by  c. 


1 


Fig-  337- 

According  to  this  combination,  while  the  cutter  D  moves 
slowly  from  s  to  s',  the  rod  s  s'  revolves,  and  it  is  evident  that 
the  incision  made  by  the  cutter  in  the  rod,  will  be  of  a  spiral  or 
helical  form,  and  that  the  interval  between  the  threads  of  the 
screw  thus  produced  will  be  equal  to  the  space  through  which 
the  cutter  d  advances  during  one  revolution  of  the  rod  s  s'. 

The  depth  of  the  incision  made  by  the  cutter  is  regulated  by 
a  screw  b,  which  advances  or  withdraws  the  cutter  at  pleasure. 

348.  Bnpine  for  cattingr  the  teetb  of  wheels. — This  en> 
gine  furnishes  an  example  of  the  combination  of  a  continuous 
with  an  intermitting  circular  motion.  It  is  represented  in^. 
338. 


Digitized 


by  Google 


TOOTH-CUTTING   ENGINE.  423 

The  disc  A,  upon  which  the  teeth  are  to  be  cut,  is  fixed  upon 
a.  rod  c,  which  is  turned  by  a  disc  b,  the  circumference  of  which 
is  divided  into^ual  intervals  by  holes,  into  which  a  point  pro- 
jecting from  the  end  of  a  lever  d,  can  be  inserted  so  as  to 
render  the  disc  b,  and  consequently  a,  stationary.  The  teeth 
are  cut  in  a,  by  means  of  a  circular  cutter  e,  driven  by  a  band 
F,  receiving  its  motion  from  any  moving  power.  The  piece 
carrying  the  cutter  is  moved  longitudinaUy  by  a  screw  driven 


Fig.  338. 

by  a  winch  o,  and  it  is  moved  to  and  from  the  wheel  to  be  cut 
by  a  screw  driven  by  the  winch  h. 

The  form  of  the  teeth  is  determined  by  the  shape  of  the 
cutter  B,  and  their  depth  by  the  extent  to  which  the  incisions 
are  continued  by  acting  on  the  winch  h. 

The  wheel  a  is  placed  upon  the  shaft  and  removed  from  it 
by  means  of  the  lever  i,  by  which  the  shaft  c  can  be  removed 
from  the  frame  at  pleasure. 
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CHAPTER    XXIV. 

FLOUR  MILLS. 

349.  Process  of  prindinf. — The  process  of  converting  grain 
into  flour  is  executed  by  passing  the  grain  between  two  cylin- 
drical stones,  having  a  common  vertical  axis,  smooth  horizontal 
surfaces,  and  mounted  so  that  the  distance  between  these  sur- 
faces is  less  than  the  thickness  of  the  grain.  The  lower  stone  is 
stationary,  and  the  upper  kept  in  revolution  round  its  axis, 
with  a  regulated  velocity,  by  some  moving  power,  such  as  wind, 
water,  or  steam.  The  grain  is  let  fall  in  small  and  regulated 
quantities  through  an  opening  which  surrounds  the  axis  in  the 
upper  stone ;  it  descends  thus  into  the  space  between  the  two 
stones,  and  while  it  is  broken  between  their  surfaces,  its  particles 
are  carried  round  by  the  rotation  of  the  upper  stone,  and  being 
slightly    affected  by  the  central    force  produced  by  the  rota- 


Fig.  3.9. 

tory  motion,  it  recedes  gradually  from  the  centre  as  it  revolves, 
each  particle  describing  a  sort  of  spiral.  The  particles,  at  length 
arriving  at  the  edge,  fall  into  a  groove  made  to  receive  them, 
from  which  they  are  discharged  through  openings  provided  for 
the  purpose  into  a  proper  receptacle. 
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Such  being  the  general  principle  upon  which  flour  mills  are 
constructed,  their  details  and  mode  of  operation  will  be  better 
understood  by  reference  io  Jigs.  339  and  340. 

The  horizontal  shaft  a  {Jig.  340)  receives  a  motion  of  rota- 
tion from  the  moving  power,  whatever  it  may  be,  outside  the 
mill ;  it  imparts  by  the  bevelled  wheels  a  motion  of  rotation  to 
the  vertical  shaft  b,  upon  which  a  large  toothed  wheel  c  is  fixed ; 
this  wheel  works  into  small  toothed  wheels  D  and  e  {fig.  339),  fixed 
upon  two  vertical  shafts  n  and  f.  These  wheels  D  and  e  are  capa- 
ble of  moving  through  a  limited  space  with  a  sliding  motion  of  the 


Fig.  340. 

shafts  N  and  f,  so  as  to  be  thrown  into  or  out  of  connection  with 
the  great  wheel  o  at  pleasure.  The  moving  power  may  thus  be 
made  to  impart  revolution  to  either  or  both  of  the  shafts  n  and 
F.  These  shafts  pass  respectively  through  the  centres  of  two 
pairs  of  mill-stones,  that  through  which  f  passes  being  shown  in 
section  in  the  figure,  and  that  through  which  n  passes  being 
surrounded  by  its  octagonal  wooden  casing,  on  the  top  of  which 
is  placed  the  apparatus  by  which  grain  is  supplied  to  the 
stones. 

The  shafts  pass  through  holes  in  the  centre  of  the  lower 
stones,  in  which  they  turn  freely,  without  moving  these  stones, 
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and  the  space  around  them  is  stopped  up  with  leather  so  as  to 
prevent  the  grain  from  falling  between.  The  upper  stone  is 
fixed  upon  the  top  of  the  shaft  and  turns  with  it  ;  a  space, 
however,  being  left  open  between  the  shaft  and  the  stone  to  let 
in  the  grain.  The  grain  is  supplied  from  a  funnel-shaped  box 
I,  with  an  opening  in  the  bottom,  of  regulated  magnitude, 
through  which  it  faUs  into  the  inclined  spout  l,  which  receives 
a  slight  oscillating  motion  right  and  left,  from  pieces  which 
project  from  the  rod  k.  By  this  motion  the  grain  is  shaken 
out,  and  falling  little  by  little  through  the  central  opening  in 
the  upper  stone,  passes  between  the  stones,  where  it  is  ground. 

Mill-stones  have  been  generally  formed  of  simple  blocks  of 
stone,  but  these  having  been  found  to  be  often  defective,  a 
better  class  of  stones  have  been  produced  by  cementing  to- 
gether, by  means  of  plaster,  chosen  pieces  of  stone  of  good 
quality,  the  whole  being  bound  together  by  hoops  of  iron.  The 
diameters  of  the  mill-stones,  which  were  formerly  from  5  to  6 
feet  are  now  generally  reduced  t-o  3J  feet. 

Each  pair  of  stones  is  capable  of  grinding  about  forty-two 
imperial  bushels  in  twenty-four  hours,  and  it  is  found  that  the 
best  velocity  for  the  stones  is  about  seventy  revolutions  per 
minute. 

The  mere  grinding  of  the  grain  is  not,  however,  all  that  is 
accomplished  in  the  flour  mill.  The  grain,  as  is  well  known, 
consists  of  the  material  which  constitutes  the  flour,  properly  so 
called,  and  the  husky  envelope,  which  forms  the  bran,  so  that 
the  immediate  product  of  the  mill-stones  is  a  mixture  of  flour 
and  bran,  generally  called  'whole  meal,'  To  produce  fine  flour 
from  this,  it  is  necessary  to  separate  the  bran  from  the  flour,  and 
this  process,  which  may  be  executed  with  a  greater  or  less  degree 
of  perfection,  according  to  the  fineness  of  the  flour  intended  to 
be  produced,  is  accomplished  in  the  mill  by  machinery  driven  by 
the  same  power  which  moves  the  mill-stones.  For  this  purpose, 
proper  shafts  are  connected  with  the  main  shaft  driven  by  the 
power,  and  their  motion  is  conveyed  to  those  parts  of  the  mill 
in  which  is  an  apparatus  consisting  of  wire  sieves  of  more  or 
less  fineness.  The  whole  meal,  as  it  comes  from  the  stones,  is 
passed  over  a  series  of  these  sieves,  through  the  meshes  of 
which  the  flour  falls,  the  bran  being  retained. 
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CHAPTER  XXV. 

CLOCK   AND   WATCH    WORK. 

350.  Time-measuren  a  necessity  of  civilised  life. — After 
the  supply  of  the  absolute  necessaries  of  physical  existence — food, 
clothing,  and  lodging — one  of  the  first  wants  of  a  society  emerg- 
ing from  barbarism,  is  the  means  of  measuring  and  registering 
time.  In  civilised  society,  all  contracts  for  labour,  and  for  all 
kinds  of  service,  are  based  upon  time.  Even  in  the  cases  of  the 
highest  public  functionaries,  and  where  the  service  rendered  is 
purely  social  and  intellectual,  still  it  is  regulated,  limited,  and 
compensated  with  relation  to  time.  Time-measurers  or  chrono- 
meters were  therefore  among  the  earliest  mechanical  and  physi- 
cal inventions. 

Although  nature  has  supplied  visible  signs  to  measure  and  to 
mark  the  larger  chronometric  units,  such  as  days,  months,  and 
years,  she  has  not  furnished  any  corresponding  measures  of  the 
lesser  imits  of  hours,  minutes,  and  seconds.  There  are  no 
visible  marks  on  the  firmament  by  passing  from  one  to  another 
of  which  the  sun  can  note  the  hours,  still  less  are  there  any 
signs  for  minutes  or  seconds.  These  subdivisions  are  therefore 
merely  artificial  and  conventional,  and,  to  measure  and  mark 
them,  artificial  motions  must  be  contrived. 

351.  Sun-dials. — Rough  approximations  were  first  made  to 
the  chief  divisions  of  the  day,  by  observing  the  apparent  motion 
of  the  sun  from  rising  to  setting.  Thus  the  direction  of  the 
meridian,  or  of  the  south,  being  once  known,  and  marked  by 
some  fixed  and  visible  object,  the  time  of  noon  was  known  by 
observing  when  the  sun  had  this  direction.  The  hours  before 
and  after  noon  i^ere  roughly  estimated  by  the  position  of  the 
sun  between  noon  and  the  times  of  its  rising  and  setting. 
Greater  precision  was  given  to  this  method,  by  erecting  a  wand 
or  gnomon,  the  shadow  of  which  would  fall  upon  a  level  surface, 
in  a  direction  always  opposite  to  that  of  the  sun.  Thus,  after 
sunrise,  the  shadow  would  be  inclined  towards  the  west,  the 
sun  being  then  towards  the  east.  From  the  moment  of  sunrise 
until  noon,  the  shadow  would  move  continually  nearer  and 
nearer  to  the  direction  of  the  north,  and  at  noon  it  would  have 
exactly  that  direction.  From  noon  to  sunset  the  shadow  would 
be  more  and  more  inclined  towards  the  east. 

It  is  evident,  however,  that  such  a  dial  would  not  afford 
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uniform  indications  at  all  seasonB  of  the  year,  so  that  the  hour- 
lines  of  the  shadow  determined  in  spring,  for  example,  would 
not  show  the  same  hours  in  winter  as  in  summer.  Without 
much  astronomical  knowledge,  it  is  easy  to  be  convinced  of  this. 
At  the  equinoxes,  the  sun  rises  and  sets  at  six  o'clock,  and  at 
the  east  and  west  points  precisely ;  and,  therefore,  at  these 
seasons,  the  six  o'clock  hour-lines  of  such  a  dial  would  be  for 
the  morning  due  west,  and  for  the  evening  due  east.  But  on 
the  first  day  of  summer  (June  21),  the  sun  rises  and  sets  at 
points  of  the  horizon  very  much  north  of  the  east  and  west 
l>oints,  and  at  six  o'clock  in  the  forenoon  and  afternoon  its 
bearing  is  north  of  the  east  and  west  points. 

A  dial  so  constructed  at  any  given  place  would  be  useless  as 
a  time  indicator.  To  render  it  useful  it  would  be  necessary 
that  the  shadow  of  the  style  should  fall  in  the  same  directions 
at  the  same  hours  at  all  seasons  of  the  year.  Now,  to  attain 
this  object,  the  style  must  be  not  vertical,  but  must  be  directed 
to  the  celestial  pole.  It  is  easy  to  comprehend  that  in  that  case 
a  plane  passing  through  the  style  and  the  sun  would  always  be 
carried  round  the  style  with  an  uniform  motion  by  the  diurnal 
motion  of  the  sun,  and  that  at  all  seasons  this  plane  would  at 
the  same  hours  have  the  same  position. 

It  is  for  this  reason  that  the  gnomon  of  sun-dials  is  placed 
at  such  an  inclination  with  the  plate  of  the  dial,  that  when  the 
dial  is  properly  set  the  gnomon  will  be  directed  to  the  north 
pole  of  the  heavens,  and  being  so  placed,  its  shadow  will  fall 
upon  the  same  lines  of  the  dial  at  the  same  hours,  whatever  be 
the  season  of  the  year. 

352.  Positloii  of  rnomon. — It  is  evident,  therefore,  that 
dials  must  be  differently  constructed  for  places  which  have 
difTerent  latitudes.  It  is  shown  in  astronomy  that  the  elevation 
of  the  celestial  pole  is  equal  to  the  latitude  of  the  place,  ar  d 
consequently  the  inclination  of  the  gnomon  of  a  sun-dial  musb 
be  also  equal  to  the  latitude  of  the  place  where  the  dial  is 
intended  to  be  set.  It  follows,  therefore,  that  a  dial  con- 
structed for  London  would  not  be  suitable  for  York,  Newcastle, 
or  Edinburgh. 

The  position  of  the  plate  of  the  dial  upon  which  the  shadow 
of  the  gnomon  is  projected  is  quite  imimportant.  All  that  is 
really  important  is  the  direction  of  the  gnomon,  which  must 
always  be  that  of  the  celestial  pole,  whatever  be  the  position  of 
the  plate  of  the  dial:  Thus  the  plate  of  the  dial  may  be  either 
horizontal,  vertical,  or  oblique.  Its  position  will  depend  upon 
the  place  where  it  is  to  be  erected.     If  it  be  in  an  open  space. 
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as  in  a  garden  or  field,  having  a  clear  exposure  on  all  sides,  it 
will  be  generally  most  convenient  to  make  it  horizontal ;  and 
hence,  in  such  caises,  it  is  usual  to  fix  it  upon  the  top  of  a 
column  of  three  or  four  feet  high,  so  that  it  may  be  easily 
observed  by  a  person  of  ordinary  height  standing  near  it. 
Sometimes  it  is  convenient  to  place  it  upon  the  wall  of  a  building, 
such  as  a  church.  A  wall  with  a  southern  exposure  is  in  that 
case  the  most  convenient ;  but  to  indicate  the  hours  of  the  early 
morning  in  the  spring  and  summer,  an  eastern  Exposure  would 
be  required,  and  to  indicate  those  of  the  late  evening,  a  western 
exposure  would  be  necessary. 

Where  these  vertical  dials  are  erected,  it  is  therefore  fre- 
quently the  practice  to  establish  them  at  the  same  time  on  diffe- 
rent walls  of  the  same  building. 

Whatever  be  the  position  of  the  pktte  of  the  dial,  the  posi- 
tion of  the  hour-lines  upon  it  is  a  matter  of  mere  technical 
calculation,  for  which  the  formulae  and  principles  of  spherical 
trigonometry  are  necessary,  but  which  is  not  attended  with  any 
difficulty. 

It  must,  however,  be  observed,  that  generally  the  hour-lines 
are  inclined  to  each  other  at  unequal  angles,  as  may  be  seen  by 
inspecting  any  ordinary  sun-dial.  There  is  one,  and  one  only, 
position  which  could  be  assigned  to  the  plate  of  the  dial,  such 
that  the  hour-lines  would  make  equal  angles  with  each  other. 
That  position  would  be  at  right  angles  to  the  gnomon,  and  a 
dial  so  constructed  would  be  suitable  to  any  place,  whatever  be 
its  latitude.  All  that  would  be  necessary  would  be  to  set  it  so 
that  the  gnomon  would  be  directed  to  the  celestial  pole.  The 
sun,  however,  would  shine  upon  the  upper  or  north  side  of  it 
during  the  spring  and  summer,  and  on  the  lower  or  south  side 
during  the  autumn  and  winter.  It  would,  therefore,  be  neces- 
sary that  it  should  be  marked  on  both  sides  with  hour-lines, 
and  that  a  gnomon  should  be  fixed  on  both  sides. 

The  name  dial  is  derived  from  the  Latin  word  dies,  a  day, 
and  the  invention  and  use  of  the  instrument  as  a  time  indicator 
is  very  ancient.  According  to  Herodotus,  the  invention  came 
to  Greece  from  Chaldfea.  The  first  dial  recorded  in  history  is 
the  hemisphere  of  Berosus,  who  is  supposed  to  have  lived 
540  B.C. 

353.  Clepsydra. — The  first  attempts  to  measure  time  by 
motions  artificially  produced,  consisted  in  arrangements  by 
which  a  fluid  was  let  fall  in  a  continuous  stream  through  a 
small  aperture  in  the  pipe  of  a  funnel,  the  time  being  measured 
by  the  quantity  of  the  fluid  discharged.     The  clepsydra,  or 
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water-clock,  of  the  ancients,  was  constructed  upon  this  prin- 
ciple. This  and  the  sun-dial  were  the  only  instruments  contrived 
or  used  by  the  ancients  for  the  measurement  of  time. 

Clepsydras  were  contrived  by  the  Egjrptians,  and  were  in 
common  use  under  the  reigji  of  the>  Ptolemys.  In  Rome,  sun- 
dials were  used  in  summer  and  clepsydras  in  winter.  These 
instruments,  though  subject  to  very  obvious  defects,  were 
nevertheless,  when  skilfully  used,  susceptible  of  .considerable 
accuracy,  as  may  be  easily  conceived  when  it  is  stated  that, 
before  the  invention  of  clocks  and  watches,  they  were  the  only 
chronometric  instruments  used  by  astronomers.  The  chief 
soiu-ces  of  their  irregularities  were  the  unequal  celerity  with 
which  the  fluid  is  discharged,  owing  to  its  varying  depth  in  the 
funnel  and  its  change  of  temperature. 

354.  Sand-grlass. — The  common  hour-glass  {fig.  341)  comes 
under  this  class  of  chronometric  instruments,  but  is  the  most 

imperfect  of  them.  Neverthe- 
less, for  certain  purposes,  it  is 
even  now,  advanced  as  we  are 
in  the  application  of  science  to 
the  arts,  still  found  the  most 
convenient  chronometer.  The 
process  of  ascertaining  a  ship's 
rate  of  sailing  or  steaming  by 
means  of  the  log  affords  an  ex- 
ample of  its  use.  One  man  holds 
the  reel  from  which  the  line 
'  ^  ''  runs  off,  while  another  holds  the 

sand-glass  and  gives,  the  signal  when  the  sand  has  run  out.  The 
number  of  knots  run  off  from  the  reel  is  then  the  number  of 
miles  per  hour  in  the  rate  of  the  vessel.  The  intervals  between 
the  knots,  the  quantity  of  sand  in  the  glass,  and  the  aperture 
through  which  it  falls,  are  so  adapted  to  each  other  as  to  give 
this  result. 

355.  Mercurial  time-measurer. —  Notwithstanding  the 
great*  perfection  to  which  the  art  of  constructing  chronometers 
has  attained,  an  apparatus  was  not  long  since  proposed  by  the 
late  Captain  Kater  for  the  measurement  of  very  small  intervals 
of  time,  fractions  of  a  second,  for  example,  which  is  a  modifi- 
cation of  the  clepsydra.  A  quantity  of  pure  and  clean  mercury 
is  poured  into  a  funnel  with  a  small  aperture  at  its  apex,  so 
that  a  stream  of  the  quicksilver  shall  fall  through  it.  *  The  flow 
is  rendered  uniform  by  keeping  the  mercury  in  the  funnel  at  a 
constant  level.  The  apparatus  is  intended  in  scientific  researches 
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to  note  the  exacfc  duration  of  phenomena,  and  it  is  so  managed 
that  the  stream  issuing  from  the  funnel  is  turned  over  a  small 
receiver  at  the  instant  the  phenomenon  to  be  observed  com- 
mences, and  is  turned  away,  from  it  the  instant  the  phenomenon 
ceases.  The  mercury  discharged  into  the  receiver  is  then  ac- 
curately weighed,  and  the  number  of  grains  and  parts  of  a 
grain  it  contains  being  divided  by  the  number  of  grains  which 
would  be  discharged  in  a  second,  the  number  of  seconds  and 
the  parts  of  a  second  which  elapsed  during  the  continuance  of 
the  phenomenon  is  found. 

356.  Clocks  and  watcbes. — For  the  purposes  of  civil  life, 
as  well  as  for  the  more  precise  objects  of  scientific  research,  all 
these  contrivances  have  been  superseded  by  clocks  and  watches, 
which  are  now  so  universal  as  -to  constitute  a  necessary  article 
of  furniture  in  the  most  humble  dwellings,  and  a  necessary 
appendage  of  the  person  in  all  civilised  countries. 

All  varieties  of  this  most  useful  mechanical  contrivance  in- 
clude five  essential  parts. 
I,  A  moving  power. 
II.  An  indicator,  by  whose  uniform  motion  time  is  mea- 
sured. 

III.  An  acciu-ately  divided  scale,  upon  which  the  indicator 
moves  and  by  which  its  motion  is  measured. 

IV.  Mechanism,  by  which  the  motion  proceeding  from  the 
moving  power  is  imparted  to  the  indicator. 

V.  A  regulator,  which  renders  the  motion  imparted  to  the 
indicator  uniform,  and  which  fixes  its  velocity  at  the  required  rate. 
Thus,  for  example,  in  a  common  clock,  the  moving  power  is 
the  weight  suspended  by  cords  over  a  pulley  fixed  upon  the  axle 
of  a  wheel,  to  which  the  weight  in  descending  imparts  a  motion 
of  rotation.  The  indicator  is  the  hand.  The  scale  is  the  dial- 
plate  upon  which  the  hours,  minutes,  and  sometimes  the  seconds, 
are  marked  by  equal  divisions,  over  which  the  point  of  the  hand 
moves.  The  mechanism  is  a  train  of  wheel- work,  so  constructed 
that  the  rate  of  rotation  of  the  last  wheel,  upon  the  axle  of 
which  the  hand  is  fixed,  shall  have  a  certain  proportion  to  the 
rate  of  rotation  of  the  first  wheel,  upon  the  axle  of  which  the 
weight  is  suspended.  And  if,  as  is  generally  the  case,  there  be 
two  or  three  hands,  then  the  wheelwork  is  so  constructed  that 
while  one  of  the  hands  makes  one  revolution,  another  shall 
make  twelve  revolutions,  and  the  third  shall  make  sixty  revo- 
lutions during  a  single  revolution  of  the  latter,  and,  therefore, 
seven  hundred  and  twenty  during  a  single  revolution  of  the 
former. 
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357.  Vandulum. — If  no  other  appendage  were  provided,  the 
weight  would,  in  such  an  apparatus,  descend  with  a  continually 
increasing  velocity,  and  would  therefore  impart  to  the  hands  a 
motion  of  rotation  more  and  more  rapid,  which  would  not  con- 
sequently serve  as  a  measure  of  time.  This  defect  is  removed 
by  the  addition  of  a  pendulum,  combined  with  a  wheel  upon 
which  it  acts,  called  the  escapement.  It  is  the  property  of  the 
pendulum  that  its  oscillations  are  necessarily  made  always  in 
equal  times,  and  its  connection  with  the  escapement  wheel  is 
such,  that  one  tooth  of  that  wheel,  and  no  more,  is  allowed  to 
pass  the  upper  part  of  the  pendulum  during  each  oscillation 
right  and  left.  But  this  escapement  wheel  itself  forms  part  of 
the  train  of  wheelwork  by  which  the  first  wheel,  moved  by  tht 
descending  weight,  is  connected  with  the  wheels  which  move 
the  hands,  and  consequently,  by  regulating  and  rendering  uni- 
form the  motion  of  this  escapement  wheel,  the  pendulum  neces- 
sarily regulates  and  renders  uniform  the  motion  of  the  entire 
apparatus. 

The  instrument  thus  arranged,  therefore,  imparts  an  uniform 
motion  of  rotation  to  each  of  the  hands,  but  this  is  not  enough 
to  render  it  a  convenient  time-measurer.  It  is  necessary  that 
the  motion  of  the  hands  should  have  some  definite  and  simple 
relation  to  the  natural  and  conventional  division  of  time  into 
days,  hours,  minutes,  and  seconds.  For  this  purpose  it  is  re- 
quired not  only  that  the  hands  should  move  uniformly,  but 
that  the  first,  or  slowest  of  them,  should  make  two  complete 
revolutions  in  a  day,  or  a  single  revolution  in  twelve  hours  ; 
and,  as  a  necessary  consequence  of  this,  that  the  second  should 
make  a  single  revolution  in  an  hour,  and  the  third  in  a  minute. 

From  what  has  been  stated,  it  will  be  apparent  that  the  actual 
rate  of  motion  imparted  to  the  hands  will^be  determined  by  the 
rate  of  oscillation  of  the  pendulum.  It  has  been  shown  that  for 
each  oscillation,  right  and  left,  of  the  pendulum,  one  tooth  of  the 
escapement  wheel  passes,  and  if  the  escapement  wheel  have 
thirty  teeth,  and  if  the  pendulum  take  one  second  to  make  a 
single  swing,  it  will  allow  the  escapement  wheel  to  make  a  com- 
plete revolution  while  it  makes  thirty  swings  from  right  to  left, 
and  thirty  from  left  to  right,  that  is,  in  sixty  seconds,  or  one 
minute  ;  so  that,  if  the  axis  of  the  third  hand  were  in  this  case 
fixed  upon  the  axle  of  the  escapement  wheel,  that  hand  would 
make  one  complete  revolution  in  a  minute,  and  consequently 
the  second  would  make  one  complete  revolution  in  one  hour, 
and  the  third  in  twelve  hours.  The  required  conditions  would 
therefore  be  in  this  case  fulfilled. 
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To  render  this  explanation  of  the  regulating  property  of  the 
pendulum  complete  it  will  be  sufficient  to  show — ist,  that  the 
time  of  vibration  must  be  always  rigorously  the  same  with  the 
same  pendulum ;  2nd,  that  this  time  can  be  made  shorter  or 
longer  by  varying  the  length  of  the  pendulum,  so  that  a  pendu- 
lum can  always  be  coiistructed  which  will  vibrate  in  one  second, 
or  in  half  a  second,  or,  in  short,  in  any  desired  time  ;  and  3rd, 
that  the  connection  of  the  pendulum  with  the  escapement  wheel 
can  be  so  constructed,  that  the  motion  of  the  latter  shall  be 
governed  J:)y  the  vibrations  of  the  former,  in  the  manner  already 
described. 

The  isochronism  of  the  pendulum,  and  the  manner  in  which 
its  rate  of  oscillation  may  be  made  to  vary  by  varying  its  length 
having  been  already  explained,  it  only  remains         d 
to  show  how  it  is  connected  with  the  escape- 
ment  wheel,  so  as  to  regulate  the  motion  of  the 
hands. 

The  pendulum  acts  upon  the  escapement 
wheel  by  means  of  a  fork  a  {fig,  342)  between 
-the  prongs  of  which  its  rod  passes,  so  that  as 
the  pendulum  swings  alternately  fiom  side  to 
side,  it  carries  the  fork  with  it.  This  fork  g 
projects  from  a  vertical  rod  f,  which  is  con- 
nected with  a  horizontal  shaft  D.  This  shaft 
is  connected  with  the  escapement,  to  the  anchor 
of  which  it  gives  an  alternate  motion  that  will 
be  explained  hereafter. 

358.  Compensation  pendulums. — It  has 
been  explained  that  the  centre  of  oscillation  of 
a  pendulum  will  vary  with  every  change  in  the 
relative  positions  of  its  point  of  suspension  and 
its  centre  of  gravity.  Now,  since  all  bodies  are 
susceptible  of  dilatation  by  increase,  and  con- 
traction by  decrease  of  temperature,  pendulums 
will  necessarily  be  subject  to  a  change  in  the 
position  of  their  centres  of  oscillation,  and 
therefore  of  the  rate  of  vibration,  with  every 
change  of  their  temperature.  To  ensure  the 
uniformity  of  the  rate  of  vibration,  various  contrivances  have 
been  invented  by  which  every  variation  of  temperature  is  made 
to  produce  two  effects  on  different  parts  of  the  pendulum,  which 
counteract  each  other,  and  keep  the  centre  of  oscillation  at  an 
invariable  distance  from  the  point  of  suspension. 

One  of  the  means  of  accomplishing  this,  is  by  connecting 
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Fig.  342. 
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the  bob  of  the  pendulum  with  the  point  of  suspension  by  rods 
composed  of  materials  expansible  in  different  degrees,  so  ar- 
ranged that  the  dilatation  of  one  shall  augment  the  distance  of 
the  centre  of  oscillation  from  the  point  of  suspension,  while  the 
expansion  of  the  other  diminishes  it. 

Let  8  (fig,  343)  be  the  point  of  suspension,  and  o 
the  centre  of  oscillation,  and  let  s  be  supposed  to  be 
connected  with  o  by  means  of  two  rods  of  metal,  s  a 
and  A  o,  which  are  united  at  a,  but  independent  of  each 
other  at  every  other  point.  . 

If  such  a  pendulum  be  affected  by  an  increase  of 
temperature,  the  rod  s  a  will  suffer  an  increment  of 
^  length,  by  which  the  point  a  and  the  rod  a  o  attached 
to  it  will  be  lowered  ;  but  at  the  same  time  the  rod  a  o, 
being  subject  to  the  same  increase  of  temperature,  will 
receive  an  increment  of  length,  in  consequence  of  which 
the  point  o  will  be  raised  to  an  increased  distance  above 
V  the  point  a,  at  which  the  rods  are  united.  If  the  in- 
crement of  the  length  of  the  rod  a  o  be  in  this  case 
*  ^*^*  equal  to  the  increment  of  the  rod  s  a,  then  the  point  o 
will  be  raised  as  much  by  the  increase  of  the  length  of  a  o  as 
it  is  lowered  by  the  increase  of  the  length  of  s  a.  and,  conse- 
quently, its  distance  from  the  point  s  will  remain  the  same  as 
before  the  change  of  temperature  takes  place. 

To  fulfil  these  conditions,  it  is  only  necessary  that  the  length 
of  the  rod  a  o  shall  be  less  than  the  length  of  the  rod  s  a  in 
exactly  the  same  proportion  as  the  expansibility  of  the  metal 
composing  a  o  exceeds  the  expansibility  of  the  metal  composing 
8  A.  If  the  lengths  of  s  a  and  a  o  were  equal,  their  increments 
of  length  would  be  proportional  to  their  dilatations  ;  but  the 
length  of  the  more  dilatable  rod  A  o,  being  less  than  that  of  the 
less  dilatable  s  a,  in  the  same  proportion  as  the  dilatability  of 
the  former  is  greater  than  that  of  the  latter,  the  absolute  incre- 
ments of  their  length  will  necessarily  be  equal,  the  greater  dila- 
tability of  A  o  being  compensated  by  its  lesser  length. 

359.  Barrison*8  grridiron  pendalum. — The  principle  just 
explained  is  variously  applied  in  different  pendulums  ;  that 
which  is  best  known  is  Harrison's  gridiron  pendulum,  repre- 
sented in  fig.  344.  A  heavy  disc  of  metal  l,  is  suspended  from 
a  cross  piece  of  brass  a  a,  fixed  to  the  lower  extremities  of  two 
iron  rods  b  b.  These  rods  themselves  are  attached  at  the  upper 
extremities  to  another  brass  bar  c  c,  which  is  supported  upon 
the  upper  ends  of  two  zinc  rods  d  d.  These  zinc  rods  are  sup- 
ported below  by  a  third  cross  bar  c  c,  which  is  fixed  to  the 
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lower  end  of  a  brass  tube  /,  into  which  the  iron  rod  g  passes, 
and  is  held  by  a  linch-pin  h.  The  rod  g  is  continued  upwards 
to  the  point  of  suspension.  When  the  tem- 
perature rises,  the  rod  g  and  tube  /,  being 
elongated  by  expansion,  the  cross  piece  e  e 
is  removed  farther  from  the  point  ot  sus- 
pension. If  the  rods  d  d  suffered  no  change 
of  dimension,  the  cross  piece  c  c  would  be 
lowered  just  as  much  as  c  c,  and  would  be 
removed  farther  from  the  point  of  suspen- 
sion. The  dilatation  which  the  iron  rods  b  h 
undergo  causes  the  cross  piece  a  a  to  be  re- 
moved farther  from  c  c,  and  in  consequence 
of  these  several  dilatations  of  the  rod  g, 
the  tube  /,  and  the  rods  h  6,  the  disc  l 
would  descend  to  a  lower  position  than  that 
which  it  previously  had,  but  the  zinc  rods 
(I  df  which  we  have  here  supposed  to  re- 
main unchanged,  not  only  dilate  like  the 
other  rods,  but  dilate  in  a  much  greater  de- 
gree in  proportion  to  their  length,  and,  by 
dilating,  cause  the  cross  pieces  a  a  and  c  c 
and  the  rods  h  b  which  connect  them,  and 
consequently  the  disc  l,  to  rise  and  there- 
fore to  come  nearer  to  the  point  of  suspen- 
sion. 

It  appears,  therefore,  that  while  the 
dilatation  of  g,  /,  and  b  b  causes  the  disc  l 
to  descend,  that  of  d  d  causes  it  to  ascend  ; 
and  if  the  length  of  these  be  properly  pro- 
portioned, the  ascent  produced  by  the  latter 
dilatation  wiU  be  •  exactly  equal  to  the 
descent  produced  by  the  former,  and,  con- 
sequently, the  centre  of  oscillation  and  the 
rate  of  the  pendulum  will  remain  unaltered. 

360.  Mercurial  pendalmn. — This  pen-  > 

dulum,  which  depends  on  the  same  prin-  I 

ciple,  consists  of  two  cylindrical  glass  vessels 
h  b  (fig.  345),  containing  mercury,  which 
supply  the  place  of  the  bob  or  disc,  the  rod 
of  the  pendulum  a  passing  between  them 
and  supporting  a  brass  plate  upon  which  ^^«-  u^ 

they  rest.     An  increase  of  temperature,  causing  an  expansion 
of  the  rod  a  and  its  appendages,  would  cause  the  vessels  of 
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mercury  to  descend  ;  but  the  same  increase  of  temperature 
producing  a  still  greater  expansion  in  the  mercury,  causes  it  to 
rise  in  the  glass  cylinders,  and  consequently  to 
produce  a  corresponding  elevation  in  the  centre 
of  gravity  of  the  mercury.  These  two  dilata- 
tions, like  the  former,  may  be  so  arranged  that 
they  shall  precisely  counteract  each  other,  and 
so  keep  the  centre  of  oscillation,  and  conse- 
quently the  rate  of  the  pendulum,  unvaried. 

361.  Anotlier  compensation  pendulmn. — 
If  two  straight  bars  of  differently  dilatable 
metals  be  soldered  together,  every  change  of 
temperature  will  bend  the  combined  bar  into 
the  form  of  a  curve,  the  more  dilatable  metal 
being  on  the  convex  side  of  the  curve  when  the 
temperature  is  raised,  and  on  the  concave  side 
of  it  when  it  is  lowered. 

Let  the  more  dilatable  metal  be  called  A, 
ijife'.  345-  and  the  less  dilatable  B.     Now,  if  the  temperisi- 

ture  be  raised,  a  will  become  longer  than  b,  and,  as  they  cannot 
separate,  they  must  assume  such  a  form,  being  still  in  contact, 
as  is  consistent  with  the  inequality  of  their  lengths.  This  is 
a  condition  which  will  be  satisfied  by  a  ciurve  in  which  the  bar 
A  is  on  the  convex  and  the  bar  b  on  the  concave  side. 

If  the  temperature,  on  the  other  hand,  be  lowered,  the  more 
dilatable  metal  being  also  the  more  contractible,  the  bar  a  will 
be  more  diminished  in  length  than  the  bar  b,  and  being,  there- 
fore, the  shorter,  will  necessarily  be  on  the  concave  side  of  the/ 
curve. 

This  principle  has  been  ingeniously  applied  as  a  compen- 
sator. 

Such  a  compound  bar  as  we  have  just  described,  is  placed  at 
right  angles  to  the  rod  of  the  pendulum,  and  has,  at  its  extremi- 
ties, two  small  bobs.  When  the  temperature  rises,  and  the  centre 
of  oscillation  is,  by  expansion  of  the  pendulum,  removed  to  a 
greater  distance  from  the  point  of  suspension,  this  compensating 
bar  is  bent  into  the  form  of  a  curve  concave  towards  the  point 
of  suspension,  as  represented  in  Jig.  346  ;  and  the  bobs  which  it 
carries  at  its  extremities,  being  brought  closer  to  the  point  of 
suspension,  compensate  for  the  increased  distance  of  the  bob  -of 
the  pendulum  from  that  point. 

If,  on  the  other 'hand,  the  temperature  falls,  and  the  rod  of 
the  pendulum  contracting  brings  the  bob  and  the  centre  of 
osciQation  nearer  to  the  point  of  suspension,  the  compensating 
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bar  is  bent  into  a  curve,  which  is  concave  downwards,  as  repre- 
sented in  fig.  347  ;  and  the  bobs  which  it  carries  being  removed 
to  an  increased  distance  from  the  point  of  suspension,  compen- 
sate for  the  diminished  distance  of  the  bob  of  the  pendulum. 
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Fig.  346. 
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Fig-  347- 


362.  Connectioii  between  pendulum  and  escapement. — 

Supposing,  then,  the  pendulum  to  be  so  adjusted  that  it  shall 
make  its  vibrations  at  any  required  rate,  one  per  second  for 
example,  let  us  see  how  the  motion  of  the  indicating  hands  is 
governed  by  such  vibrations. 

Upon  the  axis  on  which  the  pendulum  oscillates  is  fixed  a 
piece  of  metal  in  the  form  of  an  anchor,  such  as  d  b  a  0  {fig. 
348),  so  that  this  piece  shall  swing  alternately  right  and  left 
with  the  pendulum.  Two  short  pieces,  m  and  m',  called  pal- 
lets, project  inwards  at  right  angles  to  it  from  its  extremities 
A  and  c. 

The  form  and  dimensions  of  the  anchor  a  b  c  are  accommo- 
dated to  those  of  the  escapement  wheel,  w  w'',  which  is  part  of 
the  clockwork,  and  which,  in  common  with  the  other  wheels 
forming  the  train,  is  moved  in  the  direction  indicated  by  the 
arrow  by  the  weight  or  mainspring.  When  the  anchor  swings 
to  the  right  the  pallet  m  enters  between  two  teeth  of  the  wheel, 
the  lower  of  which  coming  against  it,  the  motion  of  the  wheel  is 
for  the  moment  arrested.  When  it  swings  to  the  left,  the  pallet 
m  is  withdrawn  from  between  the  teeth,  and  the  wheel  is  allowed 
to  move,  but  only  for  a  moment,  for  the  other  pallet  m'  enters 
between  two  teeth  at  the  other  side,  the  upper  of  which  coming 
against  it  the  motion  of  the  wheel  is  again  arrested. 

The  wheel,  therefore,  is  thus  made  to  revolve  on  its  axis  b, 
not  with  a  continuous  motion,  as  would  be  the  case  if  it  were 
impelled  by  the  weight  or  mainspring,  without  the  interference 
of  any  obstacle,  but  with  an  intermitting  motion.  It  moves 
by  starts,  being  stopped  alternately  by  one  pallet  or  the  other 
cominn:  in  the  way  of  its  teeth. 
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When  the  pendulum,  and  therefore  the  anchor,  is  at  the  ex- 
treme right  of  its  play,  the  pallet  m,  having  entered  between 
two  teeth,  a  tooth  rests  against  its  lower  side,  the  wheel  is 
arrested,  and  the  pallet  m'  is  quite  disengaged  from,  and  clear 
of,  the  teeth  of  the  wheel.  When  in  swinging  to  the  left  the 
arm  d  b  becomes  vertical,  the  tooth  of  the  wheel  on  the  left  has 


Fir-  348 

just  escaped  from  the  pallet  m,  and  the  wheel,  being  liberated, 
has  just  commenced  to  be  moved  by  the  force  of  the  weight  or 
mainspring.  But  at  the  same  moment  the  pallet  m'  enters  be- 
tween the  teeth  of  the  wheel  on  the  right,  and  when  the  anchor 
has  arrived  at  the  extreme  left  of  its  play,  the  tooth  of  the 
wheel  which  is  above  the  pallet  m',  will  have  fallen  upon  it, 
so  that  the  motion  will  again  be  arrested. 

Thus  it  appears  that  during  the  first  half  of  the  swing  from 
right  to  left,  the  motion  of  the  wheel  is  arrested  by  the  pallet 
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m,  and  during  the  remaining  half  of  the  swing  the  wheel  moves 
but  is  arrested  the  moment  the  swing  is  completed. 

In  like  manner  it  may  be  shown  that  durii^  the  first  half  of 
the  swing  from  left  to  right,  the  motion  of  the  wheel  is  arrested 
by  the  pallet  m',  that  it  is  liberated  and  moves  during  the  latter 
half-swing,  and  is  again  arrested  when  the  swing  is  completed. 

363.  VCotion  of  band  Intermininr, — The  motion  which  is 
imparted  to  the  hands  upon  the  dial  necessarily  corresponds 
with  this  intermitting  motion  of  the  escapement  wheel.  If  the 
clock  be  provided  with  a  seconds-hand,  the  circumference  of  the 
dial  being  divided  into  sixty  equal  parts  by  dots,  the  point  of 
the  seconds-hand  moves  from  dot  to  dot  during  the  second 
half  of  each  swing  of  the  pendulum,  having  rested  upon  the  dot 
during  the  first  half -swing. 

The  whole  train  of  wheelwork  being  aflfected  with  the  same 
intermitting  motion,  the  minute  and  hour  hands  must  move, 
like  the  seconds-hand,  by  intervals,  being  alternately  moved  and 
stopped  for  half  a  second.  This  intermission,  however,  is  not 
so  observable  in  them  as  in  the  seconds-hand,  owing  to  their 
comparatively  slow  motion.  Thus,  the  minute-hand,  moving 
sixty  times  slower  than  the  seconds-hand,  moves  during  each 
half-swing  of  the  pendulum  through  only  the  sixtieth  part  of  the 
space  between  the  dots  ;  and  the  hour-hand,  moving  twelve 
times  slower  than  the  minute-hand,  moves  in  each  half-swing  of 
the  pendulum  through  the  720th  part  of  th^  space  between  the 
dots.  It  is  easy,  therefore,  to  comprehend  how  changes  of  posi- 
tion so  minute  are  not  perceptible. 

364.  Bow  tbe  motion  of  tlie  pendulum  is  sustained. — 
If  the  pendulum  vibrated  upon  its  axis  of  suspension  uncon- 
nected with  the  clockwork,  the  range  of  its  oscillation  would  be 
gradually  diminished  by  the  combined  effects  of  the  friction 
upon  its  axis  and  the  resistance  of  the  air,  and  this  range  thus 
becoming  less  and  less,  the  oscillation  would  at  length  cease 
altogether,  and  the  pendulum  would  come  to  rest.  Now  this 
not  being  the  case  when  the  pendulum  is  in  connection  with  the 
wheelwork,  but  on  the  contrary,  its  oscillations  having  always 
the  same  range,  it  is  evident  that  it  must  receive  from  the 
escapement  wheel  some  force  of  lateral  impulsion,  by  which  the 
loss  of  force  caused  by  friction  and  the  resistance  of  the  air  is 
repaired. 

It  is  easy  to  show  how  the  effect  is  produced.  It  has  been 
shown  that  during  the  first  half  of  each  swing,  a  tooth  of  the 
escapement  wheel  rests  upon  one  or  other  pallet  of  the  anchor. 
The  pallet  reacts  upon  it  with  a  certain  force,  arresting  the  motion 
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of  the  ^fheelwork,  and  receives  from  it  a  corresponding  prea- 
sure.  This  pressure  has  a  tendency  to  accelerate  the  motion  of 
the  i)endulum,  and  this  conljnues  until  the  tooth  slips  off,  and 
is  liberated  from  the  pallet.  It  is  this  force  which  repairs  the 
loss  of  motion  sustained  by  the  pendulum  by  friction  and  atmo- 
spheric resistance. 

Thus  we  see  that  while  on  the  one  hand  the  pendulum  re- 
gulates and  equalises  the  motion  imparted  to  the  wheelwork  by 
the  weight  or  mainspring,  4ts  own  range  is  equalised  by  the 
reaction  of  the  weight  or  mainspring  upon  it. 

365.  Its  action  upon  tbe  esoapement. — If  the  action  of 
the  anchor  of  the  pendulum  upon  the  escapement  wheel  be 
attentively  considered,  it  will  be  perceived  that  one  tooth  only 
of  the  escapement  passes  the  anchor  for  each  double  vibration 
made  by  the  pendulum.  Thus,  if  we  suppose  that  when  the  pen- 
dulum is  at  the  extreme  left  of  its  range,  the  right-hand  pallet 
is  between  the  teeth  m'  and  n',  the  tooth  n'  will  escape  from  the 
pallet  o  when  the  pendulum,  swinging  from  left  to  right,  comes 
to  the  vertical  position,  which  is  the  middle  of  its  swing.  While 
it  rises  to  the  extreme  right  of  its  range,  the  tooth  n'  advances 
to  the  place  which  m'  previously  occupied,  and  at  the  same  time 
the  tooth  m  advances  to  the  place  which  n  previously  occupied  ; 
but,  at  the  same  time,  the  pallet  a,  carried  to  the  right,  enters 
between  m  and  the  succeeding  tooth,  and  arrests  the  further 
progress  of  the  wheel.  When  the  pendulum  then  swings  to  the 
left,  the  wheel  continues  to  be  arrested  until  it  arrives  at  the 
middle  of  its  swing,  when  the  tooth  below  m  escapes  from 
the  pallet  a,  but  at  the  same  moment  the  pallet  c  enters  below 
the  tooth  which  is  above  n\  and,  receiving,  it  at  the  end  of  the 
swing,  stops  the  motion  of  the  wheel.  Thus  it  appears  that 
tooth  after  tooth,  in  regular  succession,  falls  upon  the  pallet  0 
upon  the  arrival  of  the  pendulum  at  the  extreme  left  of  its  play 
after  each  double  oscillation. 

If  the  pendulum  be  so  constructed  that  it  shall  vibrate  in  a 
second,  and  that  it  be  desired  that  the  escapement  wheel  shall 
make  a  complete  revolution  in  a  minute^  that  is,  during  sixty 
vibrations  of  the  pendulum,  the  wheel  must  have  thirty  teeth. 
In  that  case,  one  tooth  passing  the  anchor  during  each  double 
oscillation  from  right  to  left,  and  back  from  left  to  right,  thirty 
teeth,  that  is  the  whole  circumference  of  the  wheel,  will  pass  the 
anchor  in  thirty  double  oscillations,  or  in  sixty  single  swings  of 
the  pendulum,  the  time  of  each  swing  being  one  second. 

366.  Motions  of  bands,  bow  proportioned. — The  mamiei 
in  which  different  rates  of  revolution  can  be  imparted  to  tiie 
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different  hands  of  a  clock  or  watch,  by  tooth  and  pinion  work,  is, 
easily  rendered  intelligible. 

The  wheels  commonly  used  in  watch  and  clock  work  are 
formed  from  thin  sheets  of  metal,  usually  brass,  which  are  cut 
into  circular  plates  of  suitable  magnitude,  upon  the  edges  of 
which  the  teeth  are  formed.  The  edges  of  the  wheels  thus 
serrated  are  brought  together,  the  teeth  of  each  being  inserted 
botween  those  of  the  other,  so  that  if  one  be  made  to  revolve 
upon  its  axle,  its  teeth,  pressing  upon  those  of  the  other,  will 
impart  a  motion  of  revolution  tojthe  other. 

When  a  large  wheel  works  in  the  teeth  of  a  much  smaller 
one,  which  is  a  very  frequent  case  in  all  species  of  wheelwork, 
the  smaller  wheel  is  called  for  distinction  a  pinion,  and  its  teeth 
are  called  leaves. 

367.  Ketbod  of  cuttlnir  wbeels  and  pinions. — The  method 
of  manufacturing  the  pinions  and  smaller  wheels  used  in  watch 
and  clock  work  is  very  ingenious.  A  rod  of  wire,  the  diameter 
of  which  a  little  exceeds  that  of  the  wheel  or  pinion  to  be  made, 
is  drawn  through  an  aperture  cut  in  a  steel  plate,  having  the 
exact  form  and  magnitude  of  the  wheel  or  pinion  to  be  formed. 
After  being  forced  through  this  aperture  by  the  ordinary  process 
of  wire-drawing,  it  is  converted  into  a  fluted  wire,  the  ridges  of 
the  fluting  corresponding  exactly  in  form  and  magnitude  to  the 
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Fig.  349- 

edge  of  the  aperture,  and  therefore  to  the  teeth  or  leaves  of  the 
pinion  or  wheel. 

This  fluted  wire,  called  pinimi  wwe,  is  then  cut  by  a  cutter, 
adapted  to  the  purpose,  into  thin  slices,  at  right  angles  to  its 
length.  Each  slice  is  a  perfect  wheel  or  pinion  ;  and  it  is 
evident  that  all  of  them  must  be  absolutely  identical  in  form 
and  magnitude. 

Such  a  wirerdrawing  plate,  with  apertures  of  different  forms 
and  sizes,  is  represented  in  fig.  349. 

368.  Moving:  power. — IXTeiffbt. — It  has  been  already  stated 
that  the  moving  power  applied  to  clock  or  watch  work  is  either 
a  weight  or  a  mainspring. 

If  a  weight  be  the  moving  power,  it  is  suspended  to  a  cord 
which  is  coiled  upon  a  drum  fixed  upon  an  horizontal  axis,  the 
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^  first  wheel  of  the  train  which  gives  motion  to  the  hands  being 
tixed  on  the  same  axis,  bck  that  it  shall  turn  when  the  drum 
turns. 

Such  an  arrangement  is  represented  in^.  350,  i^frhere  a  b  is 
the  drum,  c  d  the  wheel  attached  to  and  moved  by  it,  w  the 
weight  which  is  the  moving  power  suspended  to  the  cord  b, 


W 

Fig.  350. 

which  is  coiled  upon  the  drum  a  b.  The  end,  F,  of  the  axis  of 
the  drum  projecting  beyond  it,  is  made  square,  so  as  to  receive 
a  key  made  to  fit  it,  by  which  it  is  turned,  so  as  to  coil  the  cord 
npon  the  axis  when  it  has  been  uncoiled  by  the  descending 
motion  of  the  weight. 

The  direction  in  which  the  wheel  c  d  is  turned  by  the  force 
of  the  descending  weight  is  indicated  by  the  arrow,  and  in  that 
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direction  it  will  continue  to  turn  so  long  as  the  weight  acts  upon 
the  coil  of  the  cord  upon  the  drum.  But  as  soon  as  the  cord, 
by  the  continued  descent  of  the  weight,  shall  have  been  dis- 
charged from  the  drum,  the  rotation  imparted  to  c  d  must  cease. 
It  is  then  that  the  key  must  be  applied  to  the  square  end,  f,  of 
the  axis  of  the  drum,  and  turned  continually  in  the  direction 
contrary  to  that  in  which  the  weight  would  turn  the  drum  in 
descending. 

It  wiU  be  perceived  that,  in  this  case,  the  hands  of  the  clock 
would  be  always  turned  backwards  while  the  clock  is  being 
wound  up,  unless  some  special  provision  were  made  against 
such  an  effect ;  for  it  is  evident  that  if  the  wheel  c  d,  when 
turned  by  the  descent  of  the  weight  w  in  the  direction  of  the 
arrow,  give  a  progressive  motion  to  the  hands,  the  motion  im- 
parted to  c  D,  by  the  ascent  of  the  weight  w,  while  the  clock  is 
being  wound  up,  must  necessarily  impart  to  the  hands  a  motion 
in  the  contrary  direction,  that  is,  a  backward  motion. 

In  all  clocks  this  is  prevented  by  an  expedient  called  a 
ratchet  wheel  and  catch,  the  one  being  attached  to  the  barrel 
A.  B,  and  the  other  to  the  face  of  the  wheel  c  d,  the  effect  of 
which  is  to  allow  the  barrel  a  b  to  be  turned  while  the  clock  is 
being  wound  up  in  the  direction  contrary  to  that  indicated  by 
the  arrow  without  turning  the  wheel  c  d  ;  but  when  the  barrel 
A  B  is  turned  by  the  descent  of  the  weight  w,  in  the  direction  of 
the  arrow,  the  catch  acting  in  the  teeth  of  the  ratchet  wheel, 
the  motion  of  a  b  is  imparted  by  the  action  of  the  catch  on  the 
ratchet  wheel  to  the  wheel  c  D,  and  by  it  to  the  hands. 

The  form  and  mode  of  application  of  the  ratchet  wheel  will 
be  presently  more  clearly  explained. 


Fig.  351- 


369.  Kainsprlngr. — The  moving  power  of  a  weight  can  only 
be  applied  to  time-pieces  where  the  space  necessary  for  the  play 
of  the  weight  in  its  descent  and  ascent  can  be  conveniently 
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obtained.  This  condition  is  obviously  incompatible  with  the  cir- 
cumstances attending  pocket-watches,  all  portable  and  movable 
timepieces,  chimney,  table,  and  console  clocks,  and  in  general 
all  time-pieces  constructed  on  a  small  scale. 

The  moving  power  applied  to  these  universally  is  a  main- 
spring which  is  a  ribbon  of  highly  tempered  steel  bent  into  a 
spiral  form,  as  represented  in  fig.  351.  At  one  end,  a,  an  eye 
is  provided,  by  which  that  extremity  may  be  attached  either  to 
a  fixed  point  or  to  the  side  of  the  barrel  to  which  the  spring  is 
intended  to  impart  motion.  In  the  centre  of  the  spiral  an  arbor. 
or  axle,  is  introduced,  to  which  the  inner  extremity  of  the 
spring  is  attached.     Supposing  the  extremity  a  to  be  attached 


Fig.  352. 

to  a  fixed  point,  let  the  arbor  B  {fig.  352)  be  turned  in  the  direc- 
tion indicated  by  the  arrow.  The  spring  will  then  be  coiled 
closer  and  closer  round  the  arbor  a  b,  while  its  exterior  coils 
will  be  separated  one  from  another  by  wider  and  wider  spaces. 

After  the  spring  has  been  thus  coiled  up  by  turning  the  arbor, 
it  will  have  a  tendency  to  uncoil  itself  and  recover  its  former 
state,  and  if  the  arbor  B  be  abandoned  to  its  action  and  be  free 
to  revolve,  it  will  receive  from  the  reaction  of  the  spring  a 
motion  of  revolution  contrary  in  direction  to  that  which  was 
given  to  the  arbor  in  coiling  up  the  spring,  and  such  motion 
would  be  imparted  to  a  wheel  fixed  upon  the  axle,  and  might 
from  it  be  transmitted  to  the  hands  in  the  same  manner  as 
if  the  arbor  wheel  received  its  motion  from  the  power  of  a 
weight. 

But  between  such  a  moving  force  and  that  of  a  weight  there 
is  an  obvious  difference.  The  tension  of  the  cord  by  which  the 
weight  is  suspended,  and  consequently  its  effect  in  giving  revo- 
lution to  the  barrel  upon  which  the  cord  is  coiled,  is  always  the 
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same  until  the  clock  altogether  goes  down.  The  moving  force 
of  the  spring,  on  the  contrary,  is  subject  to  a  continual  decrease 
of  intensity.  At  first,  when  completely  coiled  up,  its  intensity 
is  greatest,  but  as  it  turns  the  arbor  b  it  becomes  gradually  re- 
laxed, and  its  intensity  is  continually  less  and  less.  It  exerts, 
therefore,  a  continually  decreasing  power  upon  the  wheel  fixed 
\ipon  the  arbor,  and  therefore  upon  the  hands  to  which  the 
motion  is  transmitted. 

370.  Fasee. — As  a  varying  power  would  be  incompatible 
with  that  uniformity  and  regularity  which  are  the  most  essential 
and  characteristic  conditions  of  all  forms  of  clockwork,  such  a 
spring  would  be  quite  unsuitable  if  some  expedient  were  not 
found  by  which  its  variation  could  be  equalised. 

This  has  been  accordingly  accomplished  by  a  very  beautiful 
mechanical  contrivance,  consisting  of  the  combination  of  a 
flexible  chain  and  a  conical  barrel  arranged  to  receive  its  coils, 
called  a,  fusee. 
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Fifr-  353- 

This  arrangement  is  represented  m  frj.  253-  The  niainsi)ring 
is  attached  by  its  inner  extremity  to  the  fixed  arbor  a,  and  by 
its  outside  end  at  e,  to  a  bjirrel  b,  which  is  capable  of  being 
turned  round  the  fixed  axis  a.  A  jointed  chain  is  attached  b>' 
one  extremity  to  the  barrel  at  k,  and,  being  coiled  several  times 
round  it,  is  extended  in  the  direction  c,  to  the  lowest  i^roove  of 
the  fusee  f,  to  which  its  other  end  e  is  attached.  Tliis  fusee 
is  a  conical-shaped  barrel,  upon  which  a  spiral  groove  is  formed 
continued  from  the  base  to  the  summit,  to  receive  tlie  chain. 
The  base  is  a  toothed  wheel,  by  which  the  motion  iniprtrted  by 
the  mainspring  and  chain  to  the  fusee  is  transmitted  to  the 
hands  through  the  wheehvork.  The  fusee  is  fixed  u]>on  an 
arbor,  d  g,  the  lower  end  of  which,  projecting  outside  the  case 
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containing  the  works,  is  formed  square,  to  receive  a  key  made 
to  fit  it,  by  which  the  clock  or  watch  is  wound  up. 

The  action  of  the  spring  transmitted  by  the  barrel  to  the 
chain,  and  by  the  chain  to  the  i'usee,  has  a  tendency  to  impart 
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barrel  b  a  motion  of  revolution  contrary  to  the  direction  of  the 
arrows,  the  chain  will  be  gradually  uncoiled  from  the  barrel  b, 
and  will  be  coiled  upon  the  spiral  groove  of  the  fusee,  windirjg 
itself  from  groove  to  groove,  ascending  on  the  spiral  until  the 
entire  length  of  the  chain  has  b%en  uncoiled  from  the  barrel  b,^ 
and  coiled  upon  the  fusee  f,  as  represented  in  fig.  354. 

During  this  process,  the  external  extremity  of  the  main- 
spring, attached  to  the  barrel  at  e,  is  carried  round  with  the 
barrel,  while  the  internal  extremity  is  fixed  to  the  arbor  a, 
which  does  not  turn  with  the  barrel.  By  this  means  the  spring 
is  more  and  more  closely  coiled  round  the  arbor  a,  until  the 
entire  chain  has  been  discharged  from  the  barrel  to  the  fusee, 
when  the  spring  will  be  coiled  into  the  form  represented  in  fi^g. 
352,  and  in  this  state  the  intensity  of  its  force  of  recoil,  and  the 
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consequent  tension  of  the  chain  c,  extended  from  the  barrel  b 
to  the  fusee  f,  is  greatest. 

The  clock  being  thus  wound  up  and  left  to  the  action  of  the 
spring,  the  tension  of  the  chain  c,  directed  from  the  fiisee  to  the 
spiral,  will  make  the  fusee  revolve  in  the  direction  indicated  by 
the  arrows.  This  tension  at  the  commencement  acts  upon  the 
highest  and  smallest  groove  of  the  fusee.  As  the  chain  is  gra- 
dually discharged  from  the  fusee  to  the  barrel,  the  tension  is 
gradually  decreased  by  reason  of  the  relaxation  of  the  spring, 
and  at  the  same  time  the  chain  acts  upon  a  larger  and  larger 
groove  of  the  fusee.  In  this  way  the  tension  of  the  chain  is 
continually  decreased,  and  the  radius  of  the  groove  on  which  it 
acts  is  continually  increased,  until  the  entire  action  has  passed  . 
from  the  fusee  to  the  barrel,  and  the  clock  goes  down. 

Now  the  power  of  the  chain  to  impart  a  motion  of  revolution 
to  the  fusee  depends  on  two  conditions ;  first,  the  force  of  its 
tension,  and  secondly,  the  leverage  by  which  this  tension  acts 
upon  the  fusee.  This  leverage  is  the  semi-diameter  of  the 
groove,  upon  which  the  chain  is  coiled  at  the  point  where  it 
passes  from  the  fusee  to  the  barrel.  It  will  be  easy  to  perceive 
that  it  requires  less  force  to  turn  a  wheel  or  barrel  if  the  force 
be  applied  at  a  great  distance  from  the  axle  than  if  it  be  applied 
at  a. small  distance  from  it.  Upon  this  principle  generalised,  it 
follows  that  the  power  of  the  tension  of  the  chain  to  impart 
revolution  to  the  fusee  is  augmented  in  exactly  the  same  pro- 
portion as  the  circumference  of  the  groove  on  which  it  acts  is 
increased. 

The  form  given  to  the  fusee  is  such  that  as  the  chain  is  gra- 
dually discharged  from  it,  the  diameter  of  the  groove  on  which 
it  acts  increases  in  exactly  the  same  proportion  as  that  in  which 
the  tension  of  the  chain  decreases.  It  follows,  therefore,  that 
the  power  of  the  chain  upon  the  fusee  gains  exactly  as  much  by 
the  increase  of  its  leverage  as  it  loses  by  the  decrease  of  its  ten- 
sion, and  consequently  it  remains  invariable. 

Complete  compensation  is  therefore  obtained  by  this  beau- 
tiful and  simple  expedient,  and  a  variable  force  is  thus  made  to 
produce  an  invariable  effect.  It  may  be  useful  to  state  that 
this  is  only  a  particular  application  of  a  mechanical  principle  of 
great  generality.  In  all  cases  whatever,  the  varying  energy  of 
a  moving  power  may  be  equalised  by  interposing  between  it  and 
the  object  to  be  moved  some  mechanism  by  which  the  leverage, 
whether  simple  or  complex,  through  which  its  force  is  trans- 
mitted, shall  vary  in  the  exact  inverse  proportion  of  the  varia- 
tion of  the  power, — ;increasing  as  the  intensity  of  the  power 
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is  decreased,  and  decreasing  as  the  intensity  of  the  power  is 
increased. 

371.  Balance  wbeel. — Whatever  be  the  moving  power, 
whether  it  be  a  weight  or  mainspring,  it  would,  if  not  con- 
trolled and  regulated,  impart  to  the  hands  a  motion  more  or 
less  accelerated,  and  therefore  unsuitable  to  tlie  measurement 
of  time,  which  requires  a  motion  rigorously  uniform.  It  is  on 
that  account  that  the  moving  power  must  be  controlled  and 
governed  by  some  expedient  by  which  it  shall  be  rendered 
uniform. 

How  the  combination  of  a  pendulum  and  escapement  wheel 
accomplishes  this  has  been  already  explained.  But  this  expe- 
dient requires  tliat  the  time-piece  to  which  it  is  applied  shall  be 
stationary ;  the  slightest  disturbance  of  its  position  would 
derange  the  mutual  action  of  the  pendulum  and  the  escapement 
wheel,  and  would  either  stop  the  movement  or  permanently 
derange  the  mechanism.  It  is  evident  that  a  pendulum  is  not 
only  inapplicable  to  all  forms  of  pocket  timepiece,  but  that  it 
cannot  even  be  used  for  marine  purposes,  the  disturbances  inci- 
dental to  a  ship's  motion  being  quite  incompatible  with  the 
regularity  of  its  action. 

The  expedient  which  has  been  substituted  for  it  with  com- 
plete success  in  all  such  cases  is  the  halarvce  wheel. 

This  is  a  wheel  like  a  small  fly-wheel,  having  a  heavy  rim 
connected  with  the  centre  by  three  or  more  light  arms,  as  phown 


I'ig-  355- 

at  A  B  c,  in  fig.  355.  Under,  and  parallel  to  it,  is  placed  a  spring 
resembling  in  form  the  mainspring,  but  much  finer  and  lighter, 
and  having  much  less  force.  This  spring  is  formed  of  extremely 
tine  and  highly  tempered  steel  wire,  so  tine  that  it  is  sometimes 
called  a  hairspring.  One  extremity  of  this  spring  is  attached  to 
the  axis  of  the  balance  wheel,  and  the  other  to  any  convenient 
fixed  point  in  the  watcli.  The  spring  is  so  constructed  that 
when  at  rest  it  has  a  certain  spiral  form,  to  which  it  has  a  ten- 
dency to  return  when  drawn  from  it  on  the  one  side  or  the 
Other.     If  we  suppose  it,  therefore,  to  be  drawn  aside  from  this 
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position  of  rest  and  disengaged,  it  will  return  to  it,  but  on 
arriving  at  it,  having  acquired  by  elasticity  a  certain  velo- 
city, it  will  swing  past  it  to  the  other  side,  to  a  distance  nearly 
as  far  from  its  position  of  rest  as  that  to  which  it  had  be^n 
originally  drawn  on  the  other  side.  It  will  then  swing  back, 
and  will  thus  oscillate  on  the  one  side  and  the  other  of  the  posi- 
tion of  rest,  in  the  same  manner  exactly  as  that  in  which  a 
pendulum  swings  on  the  one  side  or  the  other  of  the  vertical 
line  which  is  its  position  of  rest. 

372.  itoeliroiiUm. — The  balance  wheel  thus  connected  with 
a  spiral  spring,  like  the  pendulum,  is  isochronous ;  that  is,  it 
performs  all  vibrations — ^long  and  short— in  the  same  time.  It 
will  be  recollected  that  this  property  of  the  pendulum  depends 
on  the  fact  that  the  wider  the  range  of  its  vibrations  the 
more  intense  is  the  force  with  which  it  descends  to  the  vertical 
direction,  and  consequently  wide  vibrations  are  performed  in  as 
short  a  time  as  more  contracted  ones.  Now  the  vibrations  of 
the  balance  wheel  are  subject  to  like  conditions.  The  wider  the 
range  of  its  vibrations,  the  more  intense  is  the  force  with  which 
the  recoil  of  the  spring  carries  it  back  to  its  position  of  rest 
and  consequently  it  swings  through  these  wide  vibrations  in  the 
same  time  as  through  more  contracted  ones,  in  which  the  force 
of  the  spring  is  proportionally  less  intense. 

373.  Compensation  balances. — The  balance  wheel,  like 
the  pendulum,  being  subject  to  expansion  and  contraction  by 
variations  of  temperature,  will  suffer 
a  corresponding  change  in  its  dia- 
meter, and  a  consequent  change  in 
the  time  of  its  oscillation,  and  the 
rate  of  the  time-piece  which  it  regu- 
lates. 

This  irregularity  has  been  com- 
pensated by  attaching  to  the  rim  of 
the  wheel  a  compound  metallic  arc, 
such  as  that  already  described. 
When  the  temperature  rises,  and 
the  diameter  of  the  wheel  is  aug- 
mented, this  arc  (b  c,  fig.  356),  with  ^'  ^^  * 
its  concavity  towards  the  centre  of  the  wheel,  becomes  more 
concave,  and  a  weight  d  which  it  carries  is  brought  nearer  to  the 
centre  of  the  wheel,  and  this  compensates  for  the  increased  mag- 
nitude of  the  diameter  a  a.  If,  on  the  other  hand,  the  tempera- 
ture is  lowered,  and  the  diameter  a  a  of  the  wheel  diminished 
by  contraction,  this  arc  b  o  becomes  less  concave,  and  the  weight 
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which  it  carries  is  removed  to  a  greater  distance  from  the 
centre,  and  this  compensates  for  the  diminished  diameter  of  the 
wheel. 

374.  KoTement  imparted  to  tbe  bands  of  a  iratcb. — The 

oscillation  of  the  balance  wheel  regulates  the  motion  of  watch- 
work  in  the  same  manner,  by  means  of  an  escapement  wheel,  as 
that  in  which  the  pendulum  regulates  the  motion  of  clockwork. 
The  pallets  and  the  escapement  wheel  are,  however,  very 
variously  formed  in  different  watches. 

Having  thus  explained  generally  the  powers  by  which  clocks 
and  watches  are  moved  and  regulated,  it  now  remains  to  show 
how  the  necessary  motions  are  conveyed  to  the  hands  by  suitable 
combinations  of  wheels  and  pinions. 

In  Jig,  357  are  represented  the  works  of  a  common  watch, 
moved  by  a  mainspring  a,  and  regulated  by  a  balance  wheel  h  ; 


Fig.  357- 

the  wheels  and  pinions,  however,  being  changed  in  their  relative 
positions,  and  the  fusee  being  omitted,  so  as  to  show  more 
visibly  the  connections  and  mutual  dependency  of  the  many 
parts.  The  external  extremity  of  tlie  mainspring  is  attached  to 
the  base,  o,  of  a  column  of  the  frame.  Its  internal  extremity 
is  attached  to  the  lower  end  of  an  axle,  of  which  the  square  end, 
T,  at  the  top,  enters  a  hole  in  the  dial- plate  into  which  the  key 
is  inserted  when  the  watch  is  to  be  wound  up.  The  ratchet 
wheel  B  is  fixed  upon  this  axis  so  as  to  turn  with  it,  but  the 
other  wheel  o  under  the  ratchet  wb*»el  is  not  fixed  upon  it,  the 
axis  being  free  to  turn  in  the  hole  in  the  centre  of  c,  through 
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^wrhich  it  passes.  A  catch  n  o  is  attached  by  a  pin  on  which  it 
plays  to  the  face  of  the  wheel  c,  and  its  point  o  is  pressed 
against  the  teeth  of  the  ratchet  wheel  b,  by  a  spring  provided 
for  that  purpose.  When  the  key  is  applied  upon  the  end  t,  and 
turned  in  the  direction  in  which  the  hands  move,  the  ratchet 
wheel  is  turned  with  it,  and  the  point  o  of  the  catch— pressed 
constantly  against  the  teeth  while  it  turns — falls  from  tooth  to 
tooth  with  an  audible  click,  and  thus  produces  the  peculiar 
sound,  with  which  every  ear  is  familiar,  while  the  watch  is 
being  wound  up.  During  this  process  the  wheel  c  does  not 
turn  with  the  axle,  which  only  passes  through  the  hole  in  its 
centre  without  being  fixed  upon  it,  but  the  mainspring  a-,  being 
attached  to  the  axle,  is  coiled  more  and  more  closely  round  it, 
and  reacts  against  the  fixed  point  o  with  greater  and  greater 
force. 

If  the  fusee,  which  is  omitted  in  this  figure,  were  introduced, 
it  would  occupy  the  place  of  the  spring,  and  would  be  turned  by 
the  axle  imparting  a  like  revolution  to  the  axis  of  the  spring  by 
means  of  the  chain. 

When  the  watch  is  wound  up,  the  reaction  of  the  spring, 
rendered  uniform  in  its  force  by  the  fusee,  imparts  a  motion  of 
revolution  to  the  ratchet  wheel  b,  in  the  direction  of  the  arrow. 
By  this  motion  the  tooth  of  the  ratchet  wheel  in  which  the 
point  o  of  the  catch  is  engaged,  presses  against  the  catch  so  as 
to  carry  it  round  with  it  in  the  direction  of  the  arrow ;  but  the 
catch  being  attached  to  the  face  of  the  wheel  c,  at  n,  this  wheel 
is  carried  round  also  in  the  same  direction,  and  with  a  common 
motion. 

The  teeth  of  the  wheel  c  act  in  those  of  the  pinion  rf,  which 
is  fixed  upon  d  J>.  Upon  the  same  axle  is  fixed  the  wheel  i>,  so 
that  the  wheel  d  and  the  pinion  d  receive  a  common  motion  of 
revolution  from  the  wheel  c. 

The  wheel  d,  in  precisely  the  nsme  manner,  imparts  a  com- 
mon motion  of  revolution  to  the  pinion  e,  and  the  wheel  e  ;  and 
the  wheel  r  imparts  a  common  motion  of  revolution  to  the 
pinion/  and  the  wheel  f. 

This  last  wheel  t  is  of  the  form  called  a  crown  wheel,  and 
acts  upon  the  pinion  g,  imparting  to  it,  and  to  the  escapement 
wheel  G,  Ti  common  motion  of  revolution.  This  escapement 
wheel  is  acted  upon,  and  controlled  by,  the  pallets  or  other  con- 
trivances attached  to  the  axis  of  the  balance  wheel  h,  so  as  to 
regulate  its  motion  by  the  oscillations  of  that  wheel  in  the  same 
manner  as  the  escapement  wheel  of  a  clock  is  regulated  by  the 
anchor  of  the  pendulum. 
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It  may  be  asked  why  so  long  a  series  of  wheels  and  pinions 
are  interposed  between  the  mainspring  and  the  balance  wheel, 
and  why  the  first  pinion  d  may  not  act  directly  upon  the  escape- 
ment wheel.  The  object  attained  by  the  multiplication  of  the 
wheels  and  pinions  is  to  cause  the  mainspring,  by  acting  through 
a  small  space,  to  produce  a  considerable  number  of  revolutions 
of  the  escapement  wheel,  for  without  that  the  spring  would  be 
speedily  relaxed,  and  the  watch  would  require  more  frequent 
winding  up.  Thus  by  the  arrangement  here  shown,  while  the 
mainspring  causes  the  wheel  c  to  revolve  once,  it  causes  the 
pinion  d  and  the  wheel  d  to  revolve  as  many  times  as  the  num- 
of  teetli  in  c  is  greater  than  the  number  in  d.  Thus,  if  there 
are  ten  times  as  many  teeth  in  c  as  in  c2,  one  revolution  of  c  will 
produce  ten  of  d  and  d.  In  like  manner  if  d  have  ten  times  as 
many  teeth  as  e,  one  revolution  of  d  will  produce  ten  of  e  and 
E,  and  so  on.  In  this  way  it  is  evident  that  one  revolution  of 
the  first  wheel  c,  which  is  on  the  axis  of  the  fusee,  can  be  made, 
•by  the  mutual  adaptation  of  the  intermediate  wheels  and 
pinions,  to  impart  as  many  revolutions  as  may  be  desired  to  the 
escapement  wheel  a. 

The  wheels  which  govern  the  motion  of  the  hands  are  those 
which  appear  in  the  figure  between  the  watch  face  and  the 
frame  x  y.  The  relative  power  of  the  mainspring  and  balance 
wheel  must  be  so  regulated  that  the  wheel  d  shall  make  one 
revolution  in  an  hour.  The  axis  upon  which  this  wheel  is  fixed, 
passing  through  the  centre  of  the  dial,  carries  the  minute-hand, 
which  therefore  revolves  with  it,  making  one  complete  revolu- 
tion on  the  dial  in  an  hour. 

Upon  this  axle  of  the  minute-hand  is  fixed  a  pinion  k,  which 
drives  the  wheel  I ;  on  the  axle  of  this  is  fixed  the  pinion  m, 
which  drives  a  wheel  p,  through  the  centre  of  which  the  axle 
o{  the  minute  hand  passes  without  being  fixed  upon  it.  Upon 
the  axle  of  the  minute-hand  a  small  tube  is  placed,  within 
which  it  can  turn.  Upon  this  tube  the  hour-hand,  as  well  as  the 
wheel  Pj  is  fixed.  The  pinion  A;,  therefore,  fixed  upon  the  axis 
of  the  minute-hand,  imparts  motion  to  the  hour-hand  by  the 
intervention  of  the  wheel  Z,  the  pinion  m,  and  the  wheel  p. 
Since  the  hour-hand  must  make  one  revolution  while  the 
minute  hand  makes  twelve,  it  is  necessary  that  the  relative 
numbers  of  the  teeth  of  these  intermediate  wheels  shall  be  such 
as  to  produce  that  relation  between  the  motions  of  the  hands. 
An  unlimited  variety  of  combinations  would  accomplish  this, 
one  of  the  most  usual  being  the  following  : — 
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Pinion  k 8  teeth. 

Wheel  I 24    ,, 

Pinion  m     .         .         .         .         .         .       8     ,, 

Wheelp       •         •         •         .       ^-         .     32     ,, 

By  this  arrangement  p  will  make  eight  revolutions  while  m 
and  I  make  thirty-two  ;  or,  what  is  the  same,  p  will  make  one 
revolution,  while  m  and  I  make  four.  In  like  manner,  I  will 
make  eight  revolutions  while  k,  and  therefore  the  minute-hand, 
makes  twenty-four  ;  or,  what  is  the  same,  I  will  make  four  revo- 
lutions while  k  and  the  mimite-hand  make  twelve.  It  follows, 
therefore,  that  p  and  therefore  the  hour-hand,  makes  one  revo- 
lution while  k,  and  therefore  the  minute-hand,  makes  twelve, 
which  is  the  necessary  proportion. 

In  this  case  there  is  no  seconds-hand  ;  but,  if  there  were, 
its  motion  would  be  regulated  in  like  manner  by  additional 
'wheels  and  pinions. 

375.  Movement  of  tbe  ban^s  of  a  clock. — The  manner  in 
"which  the  moving  power  of  a  weight,  and  the  regulating  power 
of  a  pendulum  are  applied  in  a  clock  to  produce  the  motion  of 
the  hands,  does  not  differ  in  any  important  respect  from  the  ar- 
rangement explained  above.  Nevertheless,  it  may  be  satisfac- 
tory to  show  the  details  of  the  mechanism.  The  train  of  wheels 
connecting  the  weight  with  the  anchor  of  the  pendulum  is  showii 
in^.  358. 

A  side  view  of  the  mechanism,  showing  the  wheels  which 
more  immediately  govern  the  motion  of  the  hands,  and  also  the 
pendulum,  with  its  appendages,  is  given  in^.  359. 

The  weight  w  acts  by  a  cord  on  a  barrel,  as  already  ex- 
plained. This  barrel  and  the  ratchet  wheel,  with  its  catch,  are 
mounted  upon  the  axis  of  the  great  wheel  c,  and  are  behind  it, 
as  represented  in  fig.  358,  their  form  and  position  being  shown 
by  the  white  Unes.  The  catch  is  attached  to  the  wheel  c  by  the 
screw  n,  and  its  point  o  acts  on  the  teeth  of  the  ratchet  wheel, 
which  is  attached  to  the  barrel  on  which  the  rope  is  coiled.  The 
spring  which  presses  the  catch  against  the  teeth  of  the  ratchet 
is  also  shown.  When  the  clock  is  wound  up  by  the  key  applied 
to  the  square  end  t  (fi^.  359)  of  the  axis  of  the  barrel,  the 
barrel  is  turned  in  the  direction  opposite  to  that  indicated  by 
the  arrows,  and  the  catch  falls  from  tooth  to  tooth  of  the  ratchet 
wheel,  making  the  clicking  noise  which  attends  the  process  of 
winding  up.  When  the  clock  has  been  wound  up,  the  weight 
acting  on  the  barrel  presses  the  tooth  of  the  ratchet  wheel 
against  the  catch,  and  thereby  carries  round  with  it  the  wheel 
c.    This  wheel  transmits  the  motion  to  the  escapement  wheel  g, 
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fig,  358,  through  the  series  of  wheels  and  pinions,  d,  d,  e,  e,  /,  f, 
and  gr,  in  the  same  manner  exactly  as  has  been  already  described ; 
and  the  pendulum,  by  means  of  the  anchor  n  n,  regulates  the 
motion. 


Fig.  358. 

The  wheels  which  more  immediately  govern  and  regulate  the 
motion  of  the  hands  are  those  which  appear  in  fi^,  359  in  front 
of  the  plate  x  y. 

The  pendulum  consists  of  a  heavy  disc  of  metal,  seen  edge- 
ways at  V  in/gf.  359,  attached  to  the  end  of  a  metal  rod,  r  r, 
represented  broken,  to  bring  it  within  the  limits  of  the  figure. 
This  rod  is  suspended  by  various  means,  but  often,  as  in  the 


Digitized 


by  Google 


CLOCK  AND  WATCH  WORK.  455 

figure,  by  two  elastic  ribbons  of  steel,  s  s,  which  permit  its 
swing  right  and  left.  It  passes  between  the  prongs  of  a  fork  u, 
by  which  a  rod  r  r  is  terminated,  so  that  this  rod  swings  right 
and  left  with  the  pendulum.  Upon  the  axis  of  this  rod,  and 
over  the  escapement  wheel  G,  is  fixed  the  anchor  n  of  the 
escapement. 

376.  To  re§rulate  the  rate. — Whether  the  movement  be 
regulated  by  a  pendulum  or  a  balance  wheel,  it  is  necessary  to 
provide  some  means  of  adjustment  by  which  the  rate  of  vibra- 
tion may  be  increased  or  diminished  at  pleasure  within  certain 
limits,  for  although  in  its  original  construction  the  regulator 
may  be  made  so  as  to  oscillate  nearly  at  the  required  rate,  it 
cannot  be  made  to  do  so  excictly.  Besides,  even  though  it 
should  vibrate  exactly  at  the  required  rate,  it  will  be  subject, 
from  time  to  time,  to  lose  that  degree  of  precision,  and  to 
vibrate  too  fast  or  too  slowly,  Irom  the  operation  of  various 
disturbing  causes. 

It  has  been  already  shown  that  the  rate  of  vibration  of  the 
pendulum  is  rendered  more  or  less  rapid  by  transferring  the 
centre  of  gravity  nearer  to,  or  farther  from,  the  point  of  sus- 
pension. Upon  this  principle,  therefore,  the  adjustment  of  the 
rate  of  vibration  in  pendulum  clocks  depends.  The  heavy  disc 
V,  fig.  359,  is  made  to  slide  upon  the  rod  b  k,  and  can  be 
moved  upon  it,  upwards  or  downwards,  by  a  fine  screw  attached 
to  it,  which  works  in  a  thread  cut  in  the  rod.  In  this  manner 
the  centre  of  gravity  of  the  disc  v  may  be  transferred  nearer  to 
the  suspension  s  s,  so  as  to  shorten  the  time  of  its  vibrations, 
or  removed  farther  from  s  s,  so  as  to  lengthen  the  time.  If 
the  clock  is  found  to  lose  or  go  too  slowly,  it  is  screwed  up,  and 
if  it  gain  or  go  too  fast,  it  is  screwed  down. 

In  chimney  and  table  time-pieces,  the  pendulum  is  regulated 
in  a  different  manner.  It  is  usually  suspended  upon  a  loop  of 
silken  thread,  or  attached  to  a  narrow  strip  of  metal,  which  can 
be  drawn  up  or  let  down  through  a  certain  limited  space,  by 
means  of  a  rod,  upon  which  one  end  of  the  thread  which  forms 
the  loop  is  coiled.  This  rod,  passing  through  the  dial-plate, 
has  a  square  end,  upon  which  a  key  can  be  applied,  by  turning 
which  in  the  one  direction  or  the  other,  the  loop  is  drawn  up 
or  let  down. 

The  rate  of  oscillation  of  the  balance  wheel  cannot  in  the 
same  manner  be  so  easily  regulated  by  modifying  its  form  ;  but, 
on  the  other  hand,  while  the  force  which  moves  the  pendulum, 
being  that  of  gravity,  is  beyond  otir  control,  that  which  moves 
the  balance  wheel,  being  the  force  of  the  spiral  spring,  is  at  our 
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Absolute  command.  It  is,  accordingly,  by  modifying  this  spring 
that  we  are  enabled  to  regnlatie  the  time  of  oscillation  of  this 
regulator. 

One  of  the  most  common  expedients  by  which  this  is  accom- 
plished is  represented  in^.  360. 

Near  the  fixed  point  g,  at  the  external  extremity  of  the 
spiral,  is  placed  a  small  bar  £,  near  tlxe  end  f  of  which  is  a 
notch,  or  hole,  through  which  the  wire  of  the  spiral  passes. 
This  arrests  the  action  of  the  spiral,  so  that  the  only  part  of  it 
which  oscillates  is  that  which  is  included  between  f  and  its 
internal  extremity.  In  a  word,  the  point  f  is  the  virtual  ex- 
ternal extremity  of  the  spiral.  Now  this. point  f  can  be  moved 
in  the  one  direction  or  the  other,  so  as  to  increase  or  diminish 


Fig.  360. 

the  virtual  length  of  the  spiral  at  pleasure,  by  means  of  the 
toothed  arc  a  b  and  the  pinion  c,  which  latter  is  turned  by  the 
index  n.  If  the  index  d  be  turned  in  the  same  direction  in  which 
the  hand  of  a  watch  moves,  the  bar  b,  and  the  point  f,  are  moved 
towards  G,  and  the  length  of  the  spiral  is  increased.  If  it  be 
turned  in  the  opposite  direction,  the  point  f  is  moved  from  G, 
and  the  length  of  the  spiral  is  diminished. 

In  this  manner  the  rate  of  Vibration  of  the  balance  wheel 
may  be  adjusted  by  varying  at  will  the  virtual  length  of  the 
spiral  spring. 

377.  Recoil  escapement. — The  precision  of  the  movement 
of  all  forms  of  timepieces  depends  in  a  great  degree  on  the 
mechanism  of  the  escapement,  and  accordingly  much  mechanical 
skill  and  ingenuity  have  been  directed  to  its  improvement, 
and  several  varieties  of  form  have  been  adopted  and  applied. 

The  recoil  escapement,  represented  in  fig,  357,  consists  of 
two  pallets,  which  project  from  the  axis  of  the  balance  wheel  at 
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right  angles  with  each  other,  one  of  which  acts  at  the  top,  and 
the  other  at  the  bottom  of  the  escapement  wheel  o,  the  axis  of 
which  is  horizontal  and  the  wheel  vertical.  These  pallets,  as 
the  balance  wheel  oscillates,  engage  alternately  in  the  teeth  of 
the  escapement  wheel,  exactly  in  the  same  manner  as  do  the 
pallets  of  the  anchor  of  the  escapement  attached  to  the  pendu- 
lum already  described.  This  form  of  escapement  was  long  the 
only  one  used,  and  is  still  continued  in  the  more  ordinary  sorts 
of  watches. 

It  has,  however,  been  superseded  in  watches  and  chrono- 
meters where  greater  precision  is  required,  by  others  of  more 
improved  construction. 


Fig.  361.  Fig.  362. 

37S.  Cylindrical  escapement. — In  pocket  watches,  where 
great  flatness  is  required,  the  cylindrical  escapement  is  used,  in 
which  the  axis  of  the  balance  wheel,  instead  of  having  pallets 
attached  to  it,  is  formed  into  a  semicylinder,  having  a  sort  of 
notch  in  it,  as  represented  on  an  enlarged  scale  in^.  361.  The 
semicylinder  a  h  is  cut  away  at  c,  through  about  half  its  height 
The  axis  a  B,Ji(/.  362,  of  the  escapement  wheel  is  vertical,  and 
the  teeth,  raised  at  right  angles  to  its  plane,  and  therefore 
parallel  to  its  axis,  have  the  peculiar  form  represented  in  the 
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figure.  As  ihe  balance  wheel  oscillates  on  the  one  side  and  the 
other,  the  semicylinder  upon  its  axis  interposes  itself  alternately 
between  the  teeth  of  the  escapement  wheel,  stopping  them  and 
Jetting  them  escape  in  the  usual  way.  The  manner  in  which  the 
action  takes  place  will  be  more  clearly  understood  by  figs.  363 
and  364,  in  which  a  view  in  plan  upon  an  enlarged  scale  is  given 
of  the  position  of  the  semicylinder  and  the  teeth  of  the  escape- 
ment wheel  after  each  successive  oscillation. 


F'g.  363. 

In  fi^.  ^63  the  balance  wheel,  swinging  from  right  to  left, 
throws  the  convex  side  a  D  of  the  semicylinder  before  the  tooth 
c  of  the  escapement  wheel,  and  thus  for  the  moment  arrests  it, 
while  the  side  a  b  of  the  semicylinder  has  turned  out  of  the  way 
of  the  preceding  tooth,  and  has  let  it  pass.  The  balance  wheel 
then  swings  from  left  to  right,  and  the  convex  side  a  d  of  the 
semicylinder  slides  against  the  point  of  the  tooth  c.  When  the 
edge  D  of  the  semicylinder  passes  the  point  of  the  tooth,  the 
latter,  in  slipping  over  it,  gives  to  it  a  slight  impulse,  which 
restores  to  the  balance  wheel  the  small  quantity  of  force  which 
it  lost  by  the  previous  reaction  of  the  tooth  upon  its  eonvex 
surface. 

The  side  a  e  of  the  semicylinder  is  now  thrown  before  the 
tooth  o,  the  point  of  which  having  advanced  through  a  space 
equal  to  the  diameter  of  the  semicylinder,  is  tlirown  against  the 
concave  surface  of  a  e,  as  shown  in  fig.  364. 

The  balance  wheel  now  swinging  again  fn»n  right  to  left,  the 
point  of  the  tooth  c  slides  upon  the  concave  surface  of  the  semi- 
cylinder  A  B,  until  the  edge  e  comes  to  it.  The  tooth  then  slips 
over  the  inclined  face  of  b,  and  in  doing  so  gives  the  semi- 
cylinder,  and  consequently  the  balance  wheel,  another  slight 
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impulBe,  restoring  to  it  the  force  of  which  it  deprived  it  while 
previously  sliding  upon  its  concave  side. 

The  explsnstion  here  given  of  the  action  of  this  form  of 
escapement  is  well  calculated  to  render  the  conditions  which  all 
escapements  should  fulfil  intelligible.  These  arrangements  are 
primarily  directed  to  the  regulation  of  the  movement  of  the 
wheelwork,  so  as  to  secure  its  uniformity.  This  will  obviously 
be  accomplished  provided  that  the  escapement,  whatever  be  its 
form,  lets  a  tooth  of  the  wheel  pass  for  each  oscillation  of  the 
balance  wheel.  But  owing  to  the  friction  of  the  axis  of  the 
balance  wheel,  and  of  the  pallets  on  the  teeth  of  the  escapement 
wheel,  and  the  resistance  of  the  air,  the  range  of  it-s  oscillations 


Pig.  3«4- 

would  be  gradually  diminished,  so  that  at  last  it  would  not  be 
sufficient  to  allow  the  successive  passage  of  the  teeth  of  the 
escapement  wheel,  and  the  watch  would  stop  unless  some 
adequate  means  be  provided  by  which  the  balance  wheel  shall 
receive  from  the  mainspring  through  the  escapement  wheel  as 
much  force  as  it  thus  loses.  All  escapements  accomplish  this 
by  the  peculiar  forms  given  to  the  edges  of  the  pallets  and  the 
teeth  of  the  escapement  wheel.  In  the  present  case,  the  object 
is  attained  by  making  the  edge  d  round  and  the  edge  e  inclined, 
and  by  giving  to  the  teeth  the  form  shown  in  the  figure. 

This  form  of  escapement  supplies  a  sufficiently  good  regulating 
power  for  the  best  sorts  of  pocket  watches,  and  is  attended  with 
the  advantages  of  allowing  the  works  to  be  compressed  within  a 
very  small  thickness.  It  is  the  form  most  commonly  used  in 
the  French  and  Swiss  watches. 

379.  Oaplex  escapement. — The  form  of  escapement  used 
in  the  best  English-made  watches   consists  of  an  escapement 
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wheel,  which  partakes  at  once  of  the  double  characters  of  a  spur 
and  crown  wheel,  and  is  hence  called  the  duplex  escapement 

The  spur  teeth,  abc,  &c.  (fig.  365)  are  similar  in  their  form 
and  arrangement  to  those  of  the  cylindrical  escapement  de- 
scribed above.  The  crown  teeth,  abc,  &c. ,  project  from  the 
face  of  the  wheel,  and  have  a  position  intermediate  between  the 
spur  teeth.  Upon  the  axle  of  the  balance  wheel  just  above  the 
plane  of  the  escapement  wheel  is  fixed  a  claw  pallet,  called  the 
irn-jndse  pallet,  which,  by  the  combination  of  the  oscillations  of 
the  balance  and  the  progressive  motion  of  the  escapement  wheel 


Fig.  365. 

falls  successively  between  the  crown  teeth  of  the  latter,  receiving 
from  their  reaction,  as  they  escape  from  it,  the  restoring  action 
which  maintains  the  range  of  the  oscillations  of  the  balance 
wheel. 

Under  the  pallet,  and  in  the  plane  of  the  spur  teeth  is  placed 
a  small  roller  usually  formed  of  ruby  or  other  hard  stone,  having 
a  notch  on  one  side  of  it,  into  which  the  spur  teeth  successively 
fall.  After  any  crovm  tooth,  a,  for  example,  passes  the  pallet, 
the  corresponding  spur  tooth  a  falls  into  the  notch  of  the  roller, 
and  this  alternate  action  continues  so  long  as  the  watch  goes.' 
It  will  be  perceived  therefore  that  the  pallet  and  roller  in  the 
duplex  escapement  play  the  same  part  as  the  two  edges  of  the 
semicylinder  in  the  cylindrical  escapement,  and  as  the  two 
pallets  in  the  common  recoil  escapements. 

The  chief  advantage  claimed  for  this  system  is  that  there  is 
but  one  pallet,  and  that  the  action  does  not  require  as  perfect 
execution  of  the  teeth  of  the  escapement  wheel  as  other  arrange- 
ments. 

380.  Xaever  escapement. — This  is  much  used  for  English 
pocket  watches.     A  lever  a  b  (fi^,  366),  with  a  notch  at  one  end, 
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is  attached  to  the  anchor  o.-  A  pin  at  a,  on  a  disc  d,  on  the 
▼erge  or  arbor  of  the  balance,  enters  this  notch  at  each  vibra- 
tion, and  first  moves  the  dead  part  of  the  pallet  off  the  tooth  of 
the  scape  wheel  b,  and  then  receives  an  impulse,  which  restores 
the  force  it  has  lost,  leaving  another  tooth  engaged  in  the 
opposite  pallet.  As  the  lever  is  detached  from  the  bahmoe,  ex- 
cept for  an  instant  at  the  middle  of  each  vibration,  the  amomit 
of  friction  is  very  smalL     Another  advantage  of  this  movement 


Rg.  366. 

IB,  that  it  is  but  little  liable  to  derangement,  and  when  it  is 
injured,  is  easily  and  cheaply  repaired,  while  the  duplex  and 
cylindrical  escapements  are  expensive  to  make,  and  can  only  be 
mended  by  such  skilful  workmen  as  are  not  often  found,  except 
in  the  metropolis  or  large  towns. 

381.  Betaobed  esoapement. — In  the  class  of  portable 
timepieces  used  for  the  purposes  of  navigation,  where  the 
greatest  attainable  regularity  of  motion  is  required,  an  arrange- 
ment is  adopted  called  the  detctched  escapement  This  system  is 
represented  in^.  367. 

Upon  the  arbor  of  the  balance  wheel  is  attached  a  disc,  in 
which  there  is  a  notch  i.  A  smaller  disc  o,  is  also  attached  to 
it,  from  which  a  small  pin  a  projects.  By  the  oscillations  of  the 
balance  wheel  the  notch  i  and  the  pin  oscillate  alternately  right 
and  left.  A  fine  flexible  spring  a,  attached  to  a  fixed  block  b, 
carries  upon  it  a  projecting  piece  c.  To  the  block  d  is  attached 
another  fine  spring  £,  which  extends  to  the  edge  of  the  small 
disc  G.  The  projecting  piece  o  is  so  placed  that  when  the  spring 
A  is  not  raised,  it  encounters  a  tooth  of  the  scape  wheel,  but 
when  slightly  raised  it  allows  the  tooth  to  pass.  The  spring  e 
rests  in  a  smaU  fork  behind  the  extremity  of  a,  presented  down- 
wards. 
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Now,  let  us  suppose  the  balance  wheel  to  swing  from  left  to 
right.  The  pin  a,  projecting  from  the  small  disc  g,  coming 
against  the  end  of  the  spring  b,  raises  it ;  and  this  spring,  acting 
in  the  foric  behind  it,  raises  the  spring  a,  and  therefore  lifts  the 
piece  c,  and  liberates  the  tooth  which  that  piece  previously  ob- 
structed. The  scape  wheel  therefore  advances,  but  before  the 
next  tooth  comes  to  the  place  occupied  by  the  former  one,  the 
balance  swings  back  from  right  to  left.  The  spring  e,  no  longer 
supported  by  the  fork  at  the  end  of  a,  readily  lets  the  pin  pass, 
and  the  piece  c,  returning  to  its  former  position,  comes  in  the 
way  of  the  succeeding  tooth  and  stops  it. 


Fig.  367.  '^ 

At  the  moment  that  the  balance  is  about  to  commence  its 
swing  from  left  to  right,  and  when  the  piece  c  is  about  to  libe- 
rate the  tooth  which  rests  against  it,  another  tooth  behind  it 
rests  against  the  side  of  the  notch  i  in  the  disc  g,  and  when  the 
escapement  wheel  is  liberated,  and  the  swing  of  the  balance 
from  left  to  right  is  commencing,  this  tooth,  pressing  on  the 
side  of  the  notch  i,  gives  it  and  the  balance  wheel  an  impulse 
which  is  sufficient  to  restore  to  it  all  the  force  which  it  lost  in 
the  previous  oscillation.  Except  at  this  moment  the  balance 
wheel  in  this  form  of  escapement  is  entirely  free  from  all  action 
of  the  mainspring. 

382.  Maintainiiir  power  in  clocks. — While  a  clock  or 
watch  is  being  wound  up,  the  weight  or  mainspring  no  longer 
presses  upon  the  catch  nor  upon  the  ratchet  wheel,  through 
which  the  motion  is  imparted  to  the  wheelwork.  The  motion 
q|  the  hands  is  therefore  suspended  during  the  time  occupied 
in  winding  up  ;  consequently,  if  the  \vatch  or  clock  keep  regular 
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time  while  it  goes,  it  must  lose  just  so  much  time  as  may  be 
employed  in  the  process  of  winding  it  up.  Although  this,  in 
common  clocks  and  watches,  does  not  produce  any  sensible 
effect,  the  errors  incidental  to  their  rates  of  going  generally  ex- 
ceeding it,  yet  in  clocks  used  in  observatories  and  in  chrono- 
meters used  for  the  purposes  of  navigation,  where  the  greatest 
degree  of  regularity  is  required,  provisions  are  made  by  which 
the  motion  of  the  clock  or  watch  is  continued  notwithstanding 
the  process  of  winding  up. 

Such  an  expedient  is  called  a  maintaining  power. 
One  of  the  most  simple  arrangements  by  which  this  is  accom- 
plished in  clocks  moved  by  a  weight  is  shown  in^.  368. 

The  weight  p,  which  is  the  moving 
power,  is  connected  with  another  much 
smaller  weight  p,  by  means  of  an  endless 
cord,  which  passes  over  the  grooves  of  a 
series  of  pulleys,  a,  b,  c,  and  D,  of  which 
A  and  B  are  movable,  and  c  and  d  fixed. 
The  force  with  which  p  descends  is  the 
excess  of  its  weight  above  that  of  p. 

The  pulley  c,  being  prevented  from 
revolving  by  the  catch  b  during  the  de- 
scent of  the  weight  p,  and  the  cord  being 
prevented  from  sliding  upon  its  groove 
by  the  effects  of  its  friction  and  adhe- 
sion, the  parts  b  a  and  c  d,  which  descend 
from  the  pulley  c  to  the  pulleys  a  and  b, 
may  be  regarded  as  being  virtually  at- 
tached to  fixed  points  at  b  and  c,  so  that 
they  cannot  descend.  This  being  the 
case,  the  weight  p  descending  by  its 
preponderance  over  j?,  and  consequently 
the  weight  p  being  drawn  up,  the  part 
of  the  cord  c  d  must  pass  over  the  pulley 
B,  the  part  e  f  over  the  pulley  o,  and  the 
part  g  h  over  the  pulley  a.  In  this  way 
the  parts  b  a  and  g  h  will  be  gradually 
lengthened  as  the  weight  v  descends, 
at  the  expense  of  the  parts  c  d  and  /  c, 
which  will  be  shortened  to  an  equal  extent,  so  that  the  weight  p 
will  be  raised  through  the  same  space  as  that  through  which  the 
weight  p  is  lowered.  During  this  process  the  wheel  D  is  kept  in 
constant  revolution  ;  and  the  first  wheel  of  the  train  of  clock- 
work being  fixed  on  its  axle,  a  motion  is  imparted  by  it  through 
that  train  to  the  hands. 


Fig.  368. 
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When  it  is  desired  to  wind  up  the  clock,  the  hand  is. applied 
to  the  cord  c  d,  which  is  drawn  downwards,  so  that  the  fixed 
pulley  revolves,  the  catch  e  dropping  from  tooth  to  tooth  until 
the  weight  p  has  been  raised  to  the  highest,  and  the  weight  p 
has  fallen  to  the  lowest  point.  The  parts  g  h  and  /e  of  the  cord 
not  being  at  all  affected  by  this,  the  pulley  d  continues  to  turn 
as  before  by  the  effect  of  the  preponderance  of  p,  which  acts  as 
powerfully  while  it  ascends  as  it  did  when  it  descended. 

It  appears,  therefore,  that  by  this  arrangement  the  motion  of 
the  works  and  of  the  hands  is  not  suspended  during  the  process 
of  winding  up. 

383.  Maintaining  power  in  watcbes. — If  the  works  of  a 
watch  be  impelled  by  the  force  of  a  mainspring  without  a  fusee, 
in  the  manner  represented  in  Jig.  357,  it  is  evident  that  the  ^ 
movement  must  be  suspended  during  the  process  of  winding  up  ; 
because  the  ratchet  wheel  b,  by  which  the  force  of  the  spring  is 
transmitted  to  the  works,  is  then  relieved  from  the  action  of  the 
catch  n  o.  This  defect  may,  however,  in  such  a  case  be  removed 
by  a  very  simple  expedient.  Instead  of  connecting  the  external 
extremity  of  the  mainspring  with  a  fixed  point,  let  it  be  attached 
to  the  inside  of  a  barrel  surrounding  it,  and  let  the  wheel  c  be 
attached  to  this  barrel.  In  that  case,  when  the  axle  of  the 
ratchet  wheel  is  turned  in  winding  up,  and  the  ratchet  wheel, 
therefore,  relieved  from  the  action  of  the  catch,  the  wheel  c  will 
be  acted  upon  by  the  barrel,  which  will  itself  be  impelled  by 
the  reaction  of  the  external  extremity  of  the  spring  which  is 
attached  to  it,  the  winding  up  being  effected  only  by  the  inter- 
nal extremity. 

This  is  the  arrangement  generally  adopted  in  chimney  and 
table  timepieces,  as  constructed  in  France  and  Switzerland,  and 
also  in  flat  watches,  in  all  of  which  the  adoption  of  the  cylin- 
drical escapement  (fig,  362)  enables  the  constructor  to  dispense 
with  the  fusee. 

It  will,  of  course,  be  understood  that  in  such  arrangements, 
while  the  wheel  c  is  attached  to  the  barrel,  and  by  it  to  the 
externa)  extremity  of  the  mainspring,  the  ratchet  wheel  b  is 
attached  to  the  axle  t  b  {fi>g,  357),  and  by  it  to  the  internal  ex- 
tremity of  the  mainspring. 

When  a  fusee  is  used,  the  ratchet  wheel  being  fixed  upon  its 
axis,  and  not  on  that  of  the  barrel  containing  the  mainspring, 
this  method  of  obtaining  a  maintaining  power  is  not  applicable. . 
In  such  cases  the  object  is  attained  by  two  ratchet  wheels  upon 
the  axle  of  the  fusee  having  their  teeth  and  catches  turned  in 
opposite  directions,  one  of  them  being  impelled  by  a  provisional 
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spring,  which  only  comes  into  play  when  the  action  of  the  main- 
spring is  suspended  during  the  process  of  winding  up. 

The  fusee,  with  its  appendages,  as  commonly  constructed, 
without  a  maintaining  power,  is  drawn  in  Jig.  369,  the  grooved 
cone  with  the  ratchet  wheel  attached  to  its  base  being  raised 
from  the  cavity  in  the  toothed  wheel  c  D,  in  which  it  is  deposited, 
to  show  the  arrangement  more  clearly,  and  in  the  edge  of  which 
the  catch  n  is  placed,  so  that  it  shall  fall  into  the  teeth  of  the 
ratchet  wheel. 


Viy;.  369. 

Wlien  the  watch  is  being  wound  up,  the  chain  passing  from 
the  barrel  to  the  grooves  of  the  fusee,  the  teeth  of  the  ratchet 
wheel  A  B  pass  freely  round  the  cavity,  the  catch  n  falling  from 
tooth  to  tooth,  and  producing  the  clicking  noise  already  noticed. 
But  when  the  watch  is  going,  the  tension  of  the  chain  draws  the 
fusee  and  the  ratchet  wheel  attached  to  it  round  in  the  contrary 
direction,  and  pressing  the  teeth  of  the  ratchet  wheel  against  the 
catch  u,  carries  round  the  wheel  c  d,  which  gives  motion  to  all 
the  other  wheels,  and  through  them  to  the  hands.  Now,  it  will 
be  evident  that  when  the  watch  is  being  wound  up,  and  the  catch 
H  relieved  from  the  pressure  of  the  teeth  of  the  ratchet  wheel, 
no  motion  will  be  imparted  to  c  d,  and  consequently  the  move- 
ment of  the  entire  works  will  be  suspended. 

The  modification  by  which  a  maintaining  power  is  obtained 
by  the  combination  of  two  contrary  ratchet  wheels  is  shown  in 
Jig.  370,  where  c  d  is  the  first  wheel  of  the  train  from  which  the 
watch  receives  its  motion.  The  ratchet  wheel  a  is  fixed  upon 
the  base  of  the  fusee,  so  as  to  move  with  it.  The  catch  m,  which 
is  pressed  by  a  spring  into  the  teeth  of  the  ratchet  wheel,  is 
attached  to  the  second  ratchet  wheel  b,  so  that  when  A  is  carried 
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round  by  the  diain  acting  on  the  fusee,  it  must  carry  the  wheel 
B  round  witli  it  in  the  direction  of  the  arrow/.  The  wheel  b  is 
connected  with  the  wheel  c  d  by  a  semicircular  spring  ah  Cy 
which  is  attached  to  the  wheel  c  d  at  c,  and  to  the  wheel  b  at  a. 
The  catch  n,  which  falls  into  the  teeth  of  the  ratchet  wheel  B,  is 
attached  to  a  fixed  point  on  the  bed  of  the  watch. 

While  the  watch  is  going,  the  wheel  b,  driven  by  the  fusee, 
draws  after  it  the  spring  a  h  c,  bending  it  round  to  a  cer- 
tain extent ;  and  this  spring,  acting  at  c  on  the  wheel  o  d,  draws 
it  round  in  the  direction  of  the  an'ow  /.  Now,  let  us  suppose 
that  the  watch  is  being  wound  up.  The  ratchet  wheel  a,  being 
turned  by  the  key  in  the  direction  of  the  arrow  r,  the  catch  m 
falls  from  tooth  to  tooth,  and  the  impulse  it  received  before  from 
the  ratchet  wheel  a  is  suspended.  But  the  spring  a  be  has  been 
drawn  from  its  form  of  equilibrium,  to  a  cei*tain  small  extent, 
in  drawing  round  after  it  the  wheel  o  d,  as  already  stated,  and 
it  has  still  a  tendency  to  draw  that  wheel  after  it,  so  as  to  re- 


r 


Fig.  370. 

cover  its  form  of  equilibrium.  In  doing  this  it  will  continue  to 
act  upon  the  wheel  c  d,  and  to  carry  it  round  while  the  action 
of  the  fusee  upon  it  is  suspended  during  the  process  of  being 
wound  up.  Tlie  spring  a  6  c  is  so  constructed  as  to  act  thus  for 
an  interval  more  than  is  necessary  to  wind  up  the  watch. 

384.  Cases  in  wliicti  eltber  wei§:lits  or  springs  are  nsed* 
— From  what  has  been  explained,  it  will  be  observed  that  time- 
pieces, in  general,  are  constructed  with  one  or  other  of  two 
moving  powers — a  descending  weight  or  a  mainspring  ;  and 
with  one  or  other  of  two  regulators— a  pendulum  or  a  balance 
wheel.  These  expedients  are  variously  adopted,  and  variously 
combined,  according  to  the  position  and  circumstances  in  which 
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the  timepiece  \b  used,  and  the  purpose  t(t  which  it  is  appro- 
priated. 

A  descending  weight  as  a  moving  power,  combined  with  a 
pendtthun  as  a  regulator,  supply  the  best  chronometrical  condi- 
tions. But  the  weight  can  only  be  used  where  a  sufficient  ver- 
tical space  can  be  commanded  for  its  ascent  and  descent,  and 
neither  it  nor  the  pendidum  is  applicable,  except  to  timepieces 
which  rest  in  a  fixed  and  st-able  position. 

In  the  case  of  timepieces  whose  position  is  fixed,  but  where 
the  vertical  space  for  the  play  of  the  weight  cannot  be  con- 
veniently obtained,  the  mainspring  is  applied  as  a  moving 
power,  combined  with  the  pendulum  as  a  regulator.  Chimney 
and  table  clocks  present  examples  of  this  arrangement.  The 
height  being  limited,  it  is  necessary  also  in  these  cases  to  apply 
short  pendulums.  The  length  of  a  pendulum  which  vibrates 
seconds  being  about  39  inches,  such  pendulums  can  only  be 
used  where  considerable  height  can  be  commanded. 

It  has  been  shown  that  the  lengths  of  pendulums  are  in  the 
proportion  of  the  squares  of  the  times  of  their  vibration.  It 
follows,  therefore,  that  the  length  of  the  pendulum  which  would 
vibrate  in  half  a  second,  will  be  one  fourth  the  length  of  one 
which  vibrates  in  a  second,  and  since  the  latter  is  39  inches,  the 
former  must  be  9 J  inches.  Such  a  pendulum  can,  therefore,  be 
conveniently  enough  applied  to  a  chimney  or  a  table  clock  high 
enough  to  leave  about  ten  inches  for  its  play. 

The  pendulum  is  so  good  a  regulator,  and  the  anchor  escape- 
ment renders  it  so  independent  of  the  variation  of  the  moving 
power,  that  in  timepieces  where  it  is  combined  with  a  main- 
spring, a  fusee  is  found  to  be  unnecessary.  In  such  cases,  there- 
fore, the  axis  of  the  first  wheel  is  placed  in  the  centre  of  the 
mainspring,  as  explained  in  art.  369. 

385.  "Watolies  and  obronometers. — The  cylindrical  escape- 
ment shown  in^.  362,  is  nearly  as  independent  of  the  variation 
of  the  moving  power  as  the  pendulum,  and  therefore  in  com- 
mon watches,  where  this  escapement  is  used,  the  fusee  is  dis- 
pensed with. 

In  the  class  of  timepieces  called  chronometers,  used  for  the 
purposes  of  navigation,  and  in  general  for  all  purposes  where 
the  greatest  attainable  perfection  is  required  in  a  portable  time- 
piece, all  the  expedients  to  insure  regularity  are  united,  and 
accordingly  the  detached  escapement  is  combined  with  fusee 
and  mainspring. 

Besides  the  expedients  above  mentioned  for  insuring  uni- 
formity of  rate,  provisions  are  made  in  the  most  perfect  chrono- 
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maters  to  prevent  the  variations  of  rate  which  would  arise  from 
the  expansion  and  contraction  of  the  metal  composing  the  balance 
wheel  by  variations  of  temperature. 

386.  ittarine  dironometers. — ^These  are  usually  suspended 
in  a  box  on  gimbals,  like  those  which  support  the  ship's  compass. 
The  balance  wheel  usually  vibrates  in  haK-seconds,  being  a  much 
slower  rate  than  that  of  common  watches.  They  are  of  immense 
utility  in  navigation  and  especially  in  long  voyages. 

387.  Observatory  docks. — In  observatories,  where  station- 
ary timepieces  can  be  used,  the  clock  moved  by  weights  and 
regulated  by  a  pendulum  is  invariably  adopted.  The  pendulum, 
in  such  cases,  is  always  so  constructed  that  its  rate  of  vibration 
shall  not  be  affected  by  variations  of  temperature. 

388.  StrilLlngr  apparatus. — In  clocks  adapted  for  domestic 
and  public  use,  it  is  found  desirable  that  they  should  give  notice 
of  the  time,  not  only  to  the  eye,  but  to  the  ear  ;  and  for  that 
purpose  a  bell  is  attached  to  them,  which  tolls  at  given  intervals, 
the  number  of  strokes  being  equal  to  that  of  the  units  in  the 
number  expressing  the  hour.  This  appendage  is  called  the 
striMng  train.  1 

The  striking  train,  though  connected  with  that  which  moves 
the  hands,  is  quite  independent  of  it,  having  its  own  moving 
and  regulating  power,  and  its  own  system  of  wheels  by  which 
the  effect  of  the  moving  power  is  submitted  to  the  r^ulator, 
and  transmitted  to  the  tongue  of  the  bell. 

Unlike  the  train  which  moves  the  hands,  the  striking  train  is 
not  in  continual  motion.  Its  motion  is  always  suspended,  ex- 
cept at  the  particular  moment  at  which  the  clock  slrikes.  The 
mechanism  partakes  of  the  character  of  an  alarum,  being  stopped 
by  a  certain  catch  until  the  hands  point  to  some  certain  hour, 
and  then  being  set  free  by  the  withdrawal  of  the  catch.  It 
remains  free,  however,  only"  so  long  as  is  necessary  for  the 
tongue  or  hammer  to  make  the  necessary  number  of  strokes  upon 
the  bell,  after  which  the  catch  again  engages  itself  in  the  strik- 
ing mechanism,  and  stops  it. 

Some  clocks  only  strike  the  hour.  Others  mark  the  half- 
hours,  and  others  the  quarters,  by  a  single  stroke. 

The  general  principle  of  the  striking  mechanism  will  be  ren- 
dered intelligible  by  fig.  372,  which  represents  it  in  the  case  of 
a  common  clock  moved  by  a  weight. 

The  weight  suspended  from  the  cord  b  moves  the  train  in 
the  same  manner  as  in  the  case  of  the  train  which  moves  the 
hands.  The  motion  of  the  first  wheel  c  is  transmitted  to 
the  last  wheel  i,  which  corresponds  to  the  escapement  wheel. 
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by  the  intermediate  pinions  and  wheels  /,  f,  c/,  <i,  h,  h,  and  t. 
The  wheel  i  drives  the  pinion  Jk,  upon  the  axle  of  which  is  tixed 
the  regulator  K.  This  regulator  is  a  fly,  a  «ide  view  of  which, 
upon  a  larger  scale,  is  shown  in^.  371. 

The  pinion,  which  is  made  to  revolve  by  the  wheel  w,  gives 
a  motirm  of  rotation  to  the  fly  a  a'  b'  b,  which  consists  of  a  thin 
rectangular  plate  of  metal,  along  the  centi*e  of  which  the  pro- 
longation M  L  of  the  axle  of  the  pinion  is  attached.  The  flat 
surfaces  of  the  fly,  revolving  more  or  less  rapidly,  strike  against 
the  air,  which  resists  them  with  a  force  which  increa.«ies  in  the 
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Fij?.  371. 

proportion  of  the  scjuare  of  the  velocity  of  tlie  rotation.  Thus, 
if  the  velocity  of  rotation  be  increased  in  a  twofold  ratio,  the 
resistance  to  a  a'  b'  b  is  increased  in  a  foui-f(jld  ratio  ;  if  the 
rotation  be  increased  in  a  threefold  ratio,  the  resistance  is  in- 
creased in  a  ninefold  ratio,  and  so  on.  It  is  evident,  there- 
fore, that  by  this  very  rapid  increase  the  resistance  to  the 
motion  of  the  train  must  soon  become  equal  to  the  descending 
force  of  the  weight,  and  then  the  motion  will  bec<>nie  uniform  ; 
for  if  it  were  to  increase,  the  resistance  would  exceed  the  force 
of  the  weight,  and  would  slacken  the  i-ate  of  motion  ;  and  if  it 
were  to  decrease,  the  resistance  being  less  than  the  force  of  the 
weight,  the  latter  would  accelerate  the  motion.  In  either  case 
the  motion  would  immediately  be  rendered  luiiform. 

Projecting  from  the  face  of  the  wheel  h  {Jig.  372)  there 
is  a  small  pin  which  rests  upon  the  end  m  of  a  lever  ni  n, 
which  turns  upon  the  centre  n.  The  lever  m  u,  when  in  this 
position,  stops  the  motion  of  the  striking  train.  Behind  the 
same  lever  m  n,  and  projecting  from  it,  there  is  another  piece, 
which  in  the  position  rei)resented  in  the  figure  rests  in  a  notch 
of  the  wheel  op,  lying  behind  the  striking  train,  and  indicated 
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in  the  figure  by  clotted  lines.  Around  the  edge  of  this  wheel 
there  is  a  series  of  similar  notches  at  unequal  distances,  deter- 
mined in  the  manner  which  we  Shall  presently  explain. 


Pig.  yj'?. 

Upon  the  face  of  the  wheel  G,  at  equal  distances  one  from 
another  surrounding  it,  a  series  of  pins  project,  which,  as  the 
wheel  turns,  successively  encounter  a  lever  6,  which  plays  upon 
a  centre  a! .  Upon  the  same  centre  a'  is  fixed  the  handle  a  a!  oi 
the  hammer  a  by  which  the  bell  v  is  struck.  A  spring  fixed 
upon  the  same  centre  a'  causes  the  lever  h  to  rest  in  the  posi- 
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tion  represented  in  the  figure,  and  to  return  to  that  position  if 
raised  fn)m  it.  The  hammer  handle  a  a'  is  made  either  elastic 
itself,  or  is  connected  with  an  elastic  spring. 

When  the  wheel  g  is  made  to  revolve  at  a  uniform  rate  by 
the  weight  e,  regulated  by  the  fly  k,  the  pins  projecting  from 
the  face  of  the  wheel  o  encounter  successively  the  lever  6,  and 
raising  it,  throw  back  the  handle  a  a'  of  the  hammer  which  is 
in  connection  with  the  lever  &.  After  the  pin  has  passed  the 
lever  h,  the  latter  is  brought  back  with  a  jerk  by  the  action  of 
the  spring  ;  and  the  hammer  a,  receiving  the  same  jerk,  strikes 
upon  the  bell  v,  and  instantly  recoils  from  it ;  and  if  the  wheel 
6  continues  to  revolve,  one  pin  after  another  upon  it  will  en- 
counter the  lever  6,  and  the  hammer  a  will  make  a  stroke  upon 
the  l)ell  each  time  that  a  pin  passes  the  lever. 

The  wheel  h  is  so  constructed  that  it  will  make  one  revolu- 
tion in  the  interval  between  two  successive  strokes  of  the  bell ; 
or,  what  is  the  same,  in  the  interval  between  the  moments  at 
which  two  successive  pins  pass  the  lever  6. 

In  the  train  which  moves  the  hands,  an  expedient  is  pro- 
vided by  which  each  time  that  the  minute-hand  passes  twelve 
upon  the  dial,  the  lever  mnis  thrown  back  from  the  position 
which  it  has  in^gr.  372  ;  and  the  top  m  being  withdrawn  from 
under  the  pin  upon  the  wheel  h,  that  wheel  and  the  entire 
striking  train  is  liberated  and  set  in  motion.  At  the  same  time 
the  piece  is  taken  out  of  the  notch  in  which  it  rested  on  the 
wheel  o  jy,  and  that  wheel,  in  common  with  the  other  parts  of 
the  striking  train,  is  put  in  motion. 

For  every  complete  revolution  that  the  wheel  H  makes,  the 
hammer  a  makes  a  stroke  upon  the  bell,  and  the  motion  of  H 
and  of  the  entire  striking  train  will  continue  until  the  end  m  of 
the  lever  m  n  again  comes  under  the  pin  projecting  from  the 
face  of  H.  During  the  motion  the  lever  m  n  is  kept  back  by  the 
edge  of  the  wheel  o  p  acting  against  the  piece  projecting  from 
the  lever  m  n ;  but  when  the  wheel  o  p  has  turned  so  as  to 
bring  the  next  notch  to  the  projecting  piece,  it  will  be  thrown 
into  the  notch  ;  and  the  end  m  of  the  lever  m  n  coming  under 
the  pin  projecting  from  the  wheel  H,  the  motion  of  the  train 
will  be  suspended. 

Now  it  will  be  evident,  from  what  has  been  stated,  that 
when  the  lever  m  n  is  thrown  back  by  the  works,  it  is  kept  back 
by  the  edge  of  the  wheel  o  p  acting  against  the  projecting  piece  ; 
and  so  long  as  it  is  thus  kept  back,  the  striking  train  continues 
to  move,  and  the  hammer  continues  to  strike  the  belL  But  the 
duration  of  this  motion  will  depend  on  the  space  between  th» 
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notches  on  the  wheel  o  py  since  it  is  while  that  space  upon  the 
edge  passes  under  the  projecting  piece  on  m  w  that  the  end  m  of 
the  lever  m  n  is  kept  back,  so  as  to  be  out  of  the  way  of  the 
pin  projecting  from  the  wheel  h.  These  spaces  between  the 
notches  are  therefore  so  proportioned  one  to  another  that  the 
lever  m  n  at  each  hour  is  held  back  a  sufficient  time  for  the 
hammer  to  make  upon  the  bell  the  number  of  strokes  denoting 
the  hour,  and  no  more. 

The  arrangemenfc  for  striking    half-hours  and  quarters  is 
based  upon  similar  principles. 


CHAPTER    XXVI. 

THE   PKINTING   PRESS. 

Whether  it  be  regarded  as  a  mere  piece  of  mechanism,  or 
viewed  in  relation  to  the  vast  influence  it  has  exercised  on 
the  progress  of  the  human  race  in  knowledge  and  civilisation, 
the  printing  press  must  ever  be  an  object  of  profound  interest. 

To  render  more  easily  intelligible  the  beautiful  mechanical 
contrivances  of  which  it  consists,  it  will  be  necessary,  in  the 
first  instance,  to  explain  the  successive  operations  they  are  in- 
tended to  execute. 

389.  Settingr  tl&e  types. — The  types  are  in  the  first  instance 
put  together  or  composed^  as  it  is  technically  called,  by  persons 

*  therefore  called  compositors,  who,  standing  with  the  manuscript 
before  them,  collect  the  letters  one  by  one  from  an  inclined 
desk,  consisting  of  as  many  small  compartments  as  there  are 
letters,  in  which  the  types  are  assorted.  The  types  thus  put 
together  are  ranged  in  lines,  pages,  or  columns,  according  to 
the  sheet  to  be  printed ;  and  all  the  pages  of  type  to  be  im- 
pressed upon  the  same  side  of  a  sheet  are  placed  in  juxtaposi- 
tion, in  a  strong  iron  frame,  corresponding  in  size  and  shape 
to  the  sheet,  proper  intervals  being  left  to  represent  the  margins 
between  page  and  page,  or  column  and  column.  The  frame  thus 
including  the  composed  types  to  be  impressed  on  one  side  of  a 
sheet  of  paper  is  called  a  fm^m. 

Types  are  similarly  composed  and  arranged,  corresponding 
to  the  matter  to  be  printed  on  the  opposite  side  of  the  same 
sheet. 

390.  Further  operations.  Old  metbod  of  printingr* — 
The   form   to  be  printed  being  laid  upon  a  horizontal  table^ 
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witli  the  faces  of  the  types  uppermost,  the  following  operations 
are  to  be  executed  : — 1st,  printing  ink  is  to  be  applied  to  the 
faces  of  the  type,  so  evenly  that  there  shall  be  no  blotting  or 
inequalities  in  the  printing  ;  2nd,  the  sheet  of  paper  to  be 
printed  must  be  laid  upon  the  form  so  as  to  receive  the  impres- 
sion of  the  type  in  its  proper  position,  and  in  the  centre  of  it ; 
3rd,  this  paper  must  be  urged  upon  the  type  by  a  sufficient 
pressure  to  enable  it  to  receive  the  printed  characters,  such 
pressure,  however,  not  being  so  great  as  to  cause  the  type  to 
penetrate  or  deface  the  paper  ;  4th,  the  paper  is,  in  fine,  vvhen 
thus  printed,  to  be  withdrawn  from  the  type  and  laid  upon  a 
table,  where  the  printed  sheets  are  collected. 

In  the  old  process  these  operations  were  performed  by  two 
men,  one  of  whom  was  employed  to  ink  the  types,  and  the  other 
to  print.  The  former  was  armed  with  two  bulky  inking  balls, 
consisting  of  a  soft  black  substance  of  leathery  appearance, 
spherical  form,  and  about  1 2  inches  in  diameter.  He  flouiished 
these  with  dexterity,  dabbed  them  upon  a  plate  smeared  with 
ink,  and  then  with  both  hands  applied  them  to  the  faces  of  the 
types  until  the  latter  were  completely  charged  with  ink.  This 
accomplished,  the  other  functionary — the  pressman — having 
I)repared  the  sheet  of  paper  while  the  type  was  being  inked, 
turned  it  down  upon  the  type,  drew  it  under  the  press,  and 
with  a  severe  pull  of  the  lever  gave  the  necessary  pressure  by 
which  the  paper  t<^)ok  the  impression  of  the  type.  A  contrary 
motion  of  tlie  apparatus  withdrew  the  type  from  under  the 
press,  and  the  pressman,  removing  the  paper,  now  printed,  de- 
posited it  upon  a  ta))le  placed  near  him  to  receive  it  The  same* 
series  of  operations  was  then  repeated  for  producing  the  impres- 
sion of  another  sheet,  and  so  on.  In  this  manner  two  men  in 
ordinary  book  work  usually  printed  at  the  rate  of  250  sheets  per 
hour  on  one  side. 

391.  Znklngr  rollers. — One  of  the  first  improvements  which 
took  place  upon  this  apparatus  consisted  in  the  substitution  of 
a  cylindrical  roller  for  the  inking  balls.  This  roller  was 
mounted  with  handles,  so  that  the  man  employed  to  ink  the 
type  first  rolled  it  upon  a  flat  surface  smeared  with  ink  (Jig.  373), 
and  having  thus  charged  it,  applied  it  to  the  type  form,  upon 
which  he  rolled  it  in  a  similar  manner,  thus  transferring  the  ink 
from  the  roller  to  the  faces  of  the  types.  The  substitution  of 
these  inking  rollers  for  the  inking  balls  constituted  one  of  the 
most  important  steps  in  the  modern  improvement  of  the  art  of 
printing.  The  rollers  were  composed  of  a  combination  of  treacle 
and  glue,  and  closely  resembled  caoutchouc  in  their  appearance 
and  qualities. 


Digitized 


by  Google 


THE  PRINTING  PRESS.  475 

392.  Modern  printing  presses.  —  The  printing  presses 
^vhich  served  the'  purposes  of  publication  for  some  hundred 
years,  during  which  they  received  no  other  improvements  than 
'  such  as  might  be  regarded  merely  as  modifications  in  the  detail 
of  their  mechanism,  have  been  entirely  superseded  by  engines 
of  vastly  increased  power  and  improved  principles  of  construc- 


tion. Although  these  admirable  machi^ies  differ  one  from 
another  in  the  details  of  their  mechanism,  according  to  the 
circumstances  under  which  they  are  applied,  and  the  power 
they  are  expected  to  exert,  they  are  nevertheless  characterised 
by  certain  common  features. 

The  form  to  be  printed  is  laid  in  the  usual  manner  upon  a 
perfectly  horizontal  table,  with  the  faces  of  the  types  upper- 
most, and  upon  the  same  table,  in  juxtaposition  with  the  form, 
and  leVel  with  the  faces  of  the  types,  or  nearly  so,  is  placed  a 
slab  upon  which  a  thin  and  perfectly  regular  stratum  of  printing 
ink  ifl  diffused  ;  the  table  thus  carrying  the  form  and  inking 
slab  is  moved  by  proper  machinery  right  and  left  horizontally, 
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with  a  reciprocating  rectilinear  motion  through  a  space  a  little 
greater  than  the  length  of  the  form. 

Above  the  form  and  slab  are  mounted,  also  in  juxtaposition, 
a  large  cylinder  or  drum  which  carries  upon  it  the  sheet  of 
paper  to  be  printed,  and  three  or  four  inking  rollers  similar  to 
that  already  described.  There  are  also  three  or  four  other 
rollers  in  juxtaposition  with  the  latter,  one  of  which  supplies 
ink  to  the  others,  which  severally  spread  it  in  a  uniform 
stratum  upon  the  slab.  The  paper  cylinder  and  the  inking  and 
diffusing  rollers  are  so  mounted  that,  when  the  horizontal  table, 
carrying  the  form  and  inking  slab,  moves  alternately  backwards 
and  forwards  under  them,  they  roll  upon  it. 

In  this  way,  when  the  table  is  moved  towards  the  rollers, 
the  form,  passing  under  the  inking  rollers  right  and  left,  receives 
from  them  the  ink  upon  the  faces  of  the  type  ;  and  at  the  same 
time  the  slab,  moving  backwards  and  forwards  under  the  diffu- 
sing rollers,  receives  from  them,  upon  its  surface,  the  proper 
stratum  of  ink  to  supply  the  place  of  that  which  was  taken 
from  it  by  the  inking  rollers. 

393.  Singrle  piintingr  maoliines. — ^There  are  two  classes  of 
printing  macliines,  migk  and  douhk.  fey  the  former,  the  sheets 
are  only  printed  on  one  side,  and  by  the  latter  they  are  printed 
on  both  sides  in  the  same  operation. 

When  the  table  is  moved  alternately  towards  the  other  side, 
the  form,  with  the  types  already  inked,  passes  under  the  cy- 
linder carrying  the  paper,  the  motion  of  which  is  so  regulated 
as  to  correspond  exactly  with  the  rectilinear  motion  of  the 
table  carrying  the  form.  The  cylinder  is  urged  upon  the  type 
with  a  regulated  force,  sufficient,  and  not  more  than  sufficient, 
to  impress  the  type  upon  the  paper. 

The  sheets  of  paper  are  supplied  in  succession  to  the  cylin- 
der, and  held  evenly  upon  it  by  bands  of  tape  while  they  pass 
in  contact  with  the  type.  After  receiving  the  impression  of  the 
type,  the  tapes  which  bound  them  are  separated,  afid  the 
printed  sheets  discharged. 

Such  is  the  general  principle  of  single  printing  machines. 

394.  Bouble  prlntingr  macliines. — In  these  the  table  which 
is  moved  alternately  right  and  left  carries  two  forms,  one  corre- 
sponding to  the  pages  to  be  printed  on  one  side  of  the  sheet,  and 
the  other  to  those  to  be  printed  on  the  other  side.  There  are 
also  two  inking  slabs,  one  to  the  left  of  the  left  hand  form,  and 
the  other  to  the  right  of  the  right-hand  form.  There  are  also 
two  paper  cylinders,  and  two  sets  of  inking  and  diffusing  rollers. 
Each  sheet  of  paper  to  be  printed,  being  held  between  tapes,  as 
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already  described,  is  carried  successively  round  the  two  cylin- 
ders,  being  so  conducted,  in  passing  through  one  to  the  other, 
that  one  side  of  it  passes  in  contact  with,  and  is  printed  by,  one 
.  ^  form,  and  the  opposite  side  by  the  other  form.     The  propor- 
tion of  the  motions  is  so  nicely  regulated,  that  the  impression 
.7  of  each  page  or  column  made  on  one  side  of  the  paper,  corre- 
■  V^  sponds  exactly  with  that  of  the  corresponding  page  or  column 
^1  on  the  other  side. 

Z        This  general  description  will  be  more  clearly  understood  by 
^    :  reference  to  the  following  illustrative  diagrams : — 


Fig-  374- 

Fig.  374  illustrates  the  operation  of  a  single  printing  ma- 
chine. The  form  a  and  the  inking  slab  B,  are  placed  on  a  hori- 
zontal table  ;  above  them  is  the  paper  cylinder  d,  the  inking 
tollers  i  ii,  the  diflfusing  rollers  c c,  and  the  rollers  c,  which 
supply  the  ink  to  the  diffusing  rollers.  The  first  of  these,  c,  is 
called  the  ductor  roller.  When  the  table  x  y  is  moved  towards 
the  left  from  y  to  x,  the  form  a  passes  under  the  inking  rollers 
iiiy  and  receives  ink  from  them  on  the  faces  of  the  type ;  at 
the  same  time  the  slab  b  passes  under  the  diffusing  rollers  c  c, 
and  receives  from  them  a  supply  of  ink  to  replace  what  it  has 
just  given  to  the  inking  rollers. 

When  the  table  is  moved  in  the  contrary  direction  from  x 
towards  Y,  the  form  once  more  passes  under  the  inking  rollers, 
and  afterwards  under  the  paper  cylinder,  which,  being  pressed 
upon  it  while  it  moves  in  exact  accordance  with  it,  the  types 
dLscharge  upon  the  paper  the  ink  they  have  just  received  from 
the  rollers ;  and  the  printing  of  the  paper  being  thus  effected  on 
one  side,  the  sheet  is  discharged  from  the  tapes.     The  table  is 
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then  agaiu  moved  to  the  left,  and  the  types  are  again  inked, 
and  the  same  effects  ensue  as  have  already  been  described. 

In  this  manner  sheet  after  sheet  is  printed. 

The  inking  and  diffusing  rollers  rest  upon  the  slab  and  the 
types  by  their  weight,  the  axes  projecting  from  their  ends 
being  inserted  in  nlits  formed  in  upright  supports  attached  to 
opposite  sides  of  the  frame  which  supports  the  moving  table. 
The  two  ui>right  ]>iece8  in  which  the  axes  of  each  roller  are 
inserted,  are  not  placed  in  exact  opposition  to  each  other  ;  the 
consequence  of  which  is,  that  the  rollers  are  placed  with  their 
axes  slightly  inclined  to  the  sides  of  the  table.  This  arrange- 
ment is  attended  with  a  very  important  effect ;  for,  in*  conse- 
quence of  the  friction  or  adhesion  of  the  rollers  with  the  slab, 
they  are  moved  alternately  in  contrary  directions  with  the  lon- 
gitudinal motion  across  the  table.  This  motion,  combined  with 
their  rolling  motion  upon  the  slab,  aids  materially  in  diffusing 
the  ink  in  a  perfectly  uniform  stratum. 

An  illu8ti*ative  diagram  of  a  double  printing  machine  is 
shown  in^.  375,  where  d  and  d'  are  two  paper  cylinders  ;  a 
and  a'  the  two  forms  ;  iii  and  V i' i',  the  inking  rollers  ;  c c  and 


Fig.  375- 

c'  c  the  diffusing  rollers  ;  and  c  and  c',  the  ductor  rollers.  The 
pile  of  paper  placed  on  the  table  e,  is  supplied  sheet  by  sheet  to 
the  tapes  between  which  it  is  held  :  and  being  passed  over  the 
roller  r,  and  under  the  cylinder  d',  it  receives  the  impression  of 
the  types  of  the  form  a';  it  then  passes  successively  over  the 
.  roller  t',  under  t,  and  round  the  cylinder  d,  at  the  lower  point 
of  which  its  unprinted  side  comes  into  contact  with  the  types 
of  the  form  a,  by  which  it  is  printed  ;  after  which,  the  tapes 
opening,  it  is  thrown  out  by  the  central  force  upon  the  receiving 
table  F. 

It  will  be  apparent  from  the  figure,  that  while  the  sheet  is 
printed  on  one  side  by  the  form  a',  the  form  A  is  passing  beneath 
the  inking  rollers  i  i  i,  and  the  slab  b  under  the  diffusing  rollers 
c  c  ;  and  on  the  contrary  while  the  paper  is  printed  on  the  other 
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side  by  the  form  a,  the  form  a'  is  passing  beneath  the  inking 
rollers  i'  i'  i',  and  the  slab  b'  under  the  diffusing  rollers  c'  c'. 

In  this  manner,  by  each  alternate  motion  from  right  to  left 
and  from  left  to  right,  a  sheet  is  printed  on  both  sides. 

A  perspective  view  of  a  double-acting  printing  machine,  as 
constructed  by  Messrs.  Applegath  and  Cowper,  is  shown  in  fi/q, 

A  boy,  called  the  layer  o)i,  e,  standing  at  an  elevated  desk, 
pushes  the  paper,  sheet  by  sheet,  towards  the  tapes,  which, 
closing  upon  it,  carry  it  over  a  roller  r,  passing  under  which  it 
is  carried  to  the  right  of  the  cylinder  d,  under  which  it  passes, 
and  being  carried  up  to  the  left  of  it,  passes  successively  over 
the  roller  T,  under  the  roller  T',over  the  cylinder  d',  and  is  drawn 
along  its  left  side,  after  which  it  passes  under  it,  and  is  flung 
into  the  hands  of  boy  f,  called  the  taker  off,  seated  before  a 
table,  placed  between  the  two  cylinders  d  and  d',  upon  which 
he  disposes  the  sheets  as  he  receives  them. 

In  this  manner  the  layer  on  feeds  the  machine  in  constant 
succession  with  blank  sheets,  which,  being  carried  under  the 
cylinder  d,  are  printed  on  one  side,  and  afterwards  under  the 
cylinder  d',  are  printed  on  the  other,  when  they  are  received  by 
the  taker  off. 

The  ductor  rollers,  c  and  c',  are  kept  in  revolution  by  end- 
less bands,  carried  over  rollers  at  the  lower  parts  of  the  frame, 
and  then  over  grooved  wheels  fixed  on  the  axes  of  the  cylinders. 
The  table  carrying  the  forms  and  slabs  is  moved  alternately 
right  and  left  by  means  of  a  pair  of  bevelled  wheels  w,  under 
the  frame,  and  a  double  rack  and  pinion  above;  one  of  the 
bevelled  wheels,  having  a  horizontal  axis,  receives  motion  from 
a  steam-engine,  or  other  moving  power ;  it  imparts  motion  to. 
the  other  bevelled  wheel,  having  a  vertical  axis.  This  latter 
axis  has  a  pinion  fixed  at  its  upper  end,  which  works  in  a 
double  rack  attached  to  the  movable  type  table,  which  is  so 
constructed  that  the  continuous  rotation  of  the  pinion  imparts 
an  alternate  rectilinear  motion  right  and  left  to  the  rack  and  to 
the  table  attached  to  it. 

The  manner  in  which  the  tapes  lay  hold  of  and  conduct  the 
paper  successively  round  the  cylinders,  and  finally  discharge  it 
upon  the  table  of  the  taker  off,  will  be  easily  understood  by 
reference  to  ^gf.  377. 

c  and  D  are  two  grooved  rollers,  surrounded  by  an  endless 
band  which  pushes  the  paper  from  the  table  of  the  layer  on 
towards  the  tapes.  The  two  endless  tapes,  between  which  the 
paper  is  held,  are  represented  in  the  diagram  by  the  continuous 
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and  dotted  lines,  and  the  direction  of  their  motion  round  the 
rollers  and  cylinders  is  indicated  by  the  arrows.  It  will  b^ 
perceived  that  opposite  the  table  of  the  layer-on,  the  tapes  con* 
verge,  from  two  small  rollers  d  and  h,  and  come  into  contact 
at  the  top  of  the  roller  e.  The  edges  of  the  sheets  of  paper^ 
being  advanced  from  the  table  of  the  layer-on,  are  caught  be- 
tween the  tapes  immediately  above  the  roller  e. 


Fig.  377. 

It  must  be  understood  that  there  are  two  or  three  pairs  of 
tapes  parallel  to  each  other,  which  correspond  to  the  mai^ns 
of  the  pages  or  columns  ;  but  only  one  pair  is  shown  in  the 
figure. 

The  paper,  being  thus  seized  between  the  tapes  above  the 
roller  E,  is  carried  successively,  as  shown  in  the  figure,  still  held 
between  the  tapes,  under  and  over  f  h  i  and  g,  until  it  arrives 
at  i,  where  the  tapes  separate,  that  which  is  indicated  by  the 
continuous  line  being  carried  to  the  roller  a,  and  that  by  the 
dotted  line,  over  the  roller  i,  to  the  roller  h  The  tapes  being 
thus  separated,  the  printed  sheet  is  discharged  at  i,  upon  the 
table  of  the  taker-off;  meanwhile,  the  tape  indicated  by  the 
continuous  line  is  carried  successively  over  the  roller  a,  under 
6,  under  c,  outside  d,  and  is  finally  returned  to  the  roller  e. 

In  the  same  manner  the  tape  indicated1>y  the  dotted  line  ia 
carried  successively  under  the  rollers  k  and  m,  outside  w,  over  v 
and  hy  from  which  it  returns  to  b,  where  it  again  joins  the  othey 
tape  proceeding  from  d. 

The  first  machines  constructed  upon  this  improved  principle 
for  printing  newsp^p^rs^,  were  erected  at  the  printing  office  o£ 
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The  Time9  newspaper,  and  it  was  announced  in  that  journal,  on 
November  28,  18 14,  that  the  sheet  which  was  then  placed  in 
the  hands  of  the  reader,  was  the  first  printed  by  steam-impelled 
machinery. 

By  this,  with  some  improvements  which  the  apparatus  re- 
ceived soon  afterwards,  the  effective  power  of  the  printing  press 
was  augmented  in  a  very  high  proportion.  With  the  hand 
presses  previously  in  use,  not  more,  as  we  have  seen,  than  250 
sheets  could  be  printed  on  one  side  in  an  hour.  Each  of  the 
two  machines  erected  at  The  Times  ofiice  produced  1,800  im- 
pressions per  hoult. 

395.  Vurtlier  Improvement. — The  power  of  the  printing 
machine  constructed  upon  this  principle  was  soon  after  aug- 
mented, by  increasing  the  number  of  printing  cylinders  to 
four,  the  principle  of  the  machiiie,  however,  remaining  the 
same. 

The  manner  in  which  this  was  accomplished  will  be  easily 
understiood  by  the  aid  of  the  illustrative  diagram  {fig,  378), 
where  i,  2,  3,  and  4  are  the  printing  cylinders;  ppp'p'  are 
the  tables  of  the  four  layers-on,  and  o  o  o'  o'  lead  to  those  of 
the  four  takers-off.  The  courses  followed  by  the  sheets  of  paper, 
in  passing  to  and  from  the  cylinders,  are  indicated  by  the 
arrows.  Inking  rollers  are  in  this  case  placed  at  k,  between  the 
printing  cylinders  ;  the  two  type  forms  are  inked  twice,  while 
they  move  from  right  to  left,  and  twice  again,  while  they  move 
from  left  to  right.  The  printing  cylinders  are  alternately  let 
down  upon  the  type  and  raised  from  them  in  pairs  ;  while  the 
type  table  moves  from  left  to  right,  the  cylinders  i  and  3  are  in 
contact  with  the  table,  the  cylinders  2  and  4  being  raised  from 
it,  and,  on  the  contrary,  when  it  moves  from  right  to  left,  the 
cylinders  2  and  4  are  in  contact  with  it,  i  and  3  being  raised 
from  it. 

By  this  improvement,  which  was  adopted  in  The  Times  office 
in  1827,  the  proprietors  of  that  journal  obtained  the  power, 
then  unprecedented,  of  printing  from  4,000  to  5,000  sheets 
per  hour  on  one  side  of  the  paper.  By  this  means  they  were 
enabled  to  satisfy  the  demands  of  a  circulation  amounting  to 
28,000. 

In  reference  to  newspaper  printing,  it  must  be  here  observed 
that  the  great  object  to  be  attained,  is  to  increase  the  celerity 
by  which  printing  on  one  side  only  of  the  sheet  can  be  aug- 
mented. It  is  found  convenient  so  to  arrange  the  letter-press 
that  the  matter  appropriated  to  one  side  of  the  sheet  shall  be 
ready  for  press  at  an  early  hour,  and  may  be  printed  before  the 
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contents  of  the  other  side,  in  which  the  most  recent  intelligence 
is  included,  can  be  prepared.  Hence  the  advantt^e  of  using 
for  newspapers  machines  adapted  to  print  one  side  only  with  the 
most  extreme  celerity. 

In  more  recent  times,  especially  since  steam-power  has  found 
an  almost  universal  application  in  all  technical  arts,  an  almost 
countless  diversity  of  improvements  has  been  made  in  every 
branch  of  the  printer's  art ;  but  it  is  obviously  far  beyond  the 
scope  of  the  present  work  to  attempt  even  a  partial  description 
of  the  most  promiaent  and  important  principles  involved  in  the 
most  modem  appliances.  A  careful  perusal  of  the  preceding 
articles  will,  however,  doubtless  enable  the  student  to  under- 
stand in  most  cases  the  descriptions  given  in  technical  journals 
of  progressive  improvements. 
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A 


Action,  and  reaction,  82;  modified 
by  elasticity,  86 

Adhesion,  190;  of  solids,  194 

Adjusting  screws,  305 

Affinity,,  chemical,  191 

Aggregation,  states  of,  i ;  defined,  5 

Air,  resistance  of,  1 19 ;  to  motion 
of  falling  bodies,  324 

Alloys,  strength  of,  328 

Angle  of  repose,  313 

Animalcules,  size  of,  13 

Animal  power,  343 

Annealing,  34 

Atoms,  ultimate,  of  bodies,  8 

Attraction,  capillary,  190;  atomic, 
191 

Atwood's  machine,  103;  experi- 
ments with,  104 

Axis  of  revolution,  165 

Axes,  principal,  166 

Axle,  wheel  and,  227 ;  of  wheels, 
316 

B 

Balance,  214;  sensibility  of,  216; 
letter,   217;    spring,    195;   com- 
pensation, 449 
Balance  wheel,  270,  448 
Ball  and  socket,  301 
Barlow,  table  of  strength  of  mate- 
rials, 340 
Bayonet  joint,  304 
Bevelled  wheel,  236 
Billiard-balls,  motion  of,  70 
Blood  corpuscles,  size  of,  13 
J^oat,  forces  acting  on  a,  65 
Bodies,  falling,  have  the  same  velo- 


city, 96 ;  motion  of,  98  ;  formulsB 
for  motion  of,  109 

Boring  tools,  413 

Brakes,  3 19 

Bridges,  suspension,  56 

Brittleness,  30;  relation  to  hard- 
ness and  elasticity,  30,  31 


Capillary  attraction,  190 

Capstan,  229 

Centr.l  force,  146 ;  rule  for  calcu- 
lating, 148;  examples  of,  149; 
action  of,  on  liquids,  157 

Centre  of  gravity,  123,  128;  of  re- 
gular figures,  129;  properties  of, 
131  ;  of  liquids,  145 

Centrifugal  force,  147 ;  drying  ma- 
chine, 158 

Chemical  affinity,  36,  191 

Chronometers,  468 ;  marine,  469 

Clamps,  305 

Cleavage  planes,  18 

Clepsydra,  429 

Clocks  and  watches,  431 ;  maintain- 
ing power  in,  463 

Cohesion,  effect  of,  124;  examples 
of,  191 

Coining  press,  408 

Collision,  79;  effect  of,  79;  appa- 
ratus for  illut>trating,  89 

Comparison  of  various  velocities,  59 

Compensation  balances,  449 

Compressibility,  23 

Compression,  23 ;  of  wood,  24 ;  of 
stone,  24 ;  of  metal,  24 ;  uf  li- 
quids, 24 ;  of  gases,  25 
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Composition  of  forces,  46 ;  of  mo- 
tions, 68 
Conditions  of  equality  of  momenta, 

79 
Congelation,  force  of,  354 
Contraction,  effects  of,  29 
Cord  ige,  strength  of,  328 ;  stiffness 

of,  321 
Cords,  machines  with  flexible,  211 
Couple,  defined,  52 ;  equilibrium  of, 

53  ;  mechanical  effect  of  a,  52 
Couplings,  305 
Cradle  joint,  323 
Crane,    393 ;    movable,     393  ;    for 

building,    394  ;     railway,    395  ; 

fixed,  396 
Crank,  278 
Cro-wn-wheel,  235 
Crystallisation,  16 


Density,  distinct  from  hardne^js,  30 
Diamond,  polishing,  9 
Differential  wheel  and  axle,  230 
Dilatation,  28  ;  applications  of,  29  ; 

effects  of,  29 
Direction  of  a  force,  43  ;  of  motion 

in  a  curve,  58 ;  line  of,  133 
Distillation,  destructive,  20 
Divisibility,  7;  examples  of,  8;  by 

solution,    15  ;  of  odours,   15;  by 

taste,  15 
Draught,  line  of,  317 
Drops  for  wharves,  400 
Drying  machine,  centrifugal,  158 
Ductility,  34 
Dynamical  units,  360 
Dyne,  360 

E 

Earth,  figure  of,  267 ;  rotation  of, 
direct  proof  for,  72 

Earthwork,  347 

Elasticity,  of  gases,  25 ;  of  liquids, 
25 ;  of  solids,  26 ;  examples  of, 
26;  of  torsion,  28;  effects  of, 
26  ;  not  proportional  to  hardness, 
30;  perfect  and  imperfect,  86  ; 
limits  of,  27 ;  modifications  of, 
31  ;  action  and  reaction  modified 
by,  86 

Electro- magnetic  force,  355 


Endliiss  screw,  256 

Energy,  370 ;  transmutation  «f,  378; 
conservation  of,  379 

Engine,  pile,  401 ;  stamping,  405 ; 
screw  cutting,  421 ;  for  cutting 
teeth  of  wheels,  422 

Equilibrium,  140 ;  conditions  of, 
133 ;  examples  of,  139 ;  not  ne- 
cessarily a  state  of  rest,  201  ;  of 
couples,  53 ;  different  kinds  of, 
140 

Erard's  pianoforte,  225 

Erg,  defined,  367 

Escapement,  connection  of  pendu- 
lum with,  437;  action  of  pendu- 
lum upon,  440  ;  cylindrical,  458 ; 
recoil,  457;  duplex,  460;  lever, 
461  ;  detached,  462 

Evaporation  of  water,  mechanical 
effect  of,  352 

Expansion,   mechanical    effects    of, 

Expansive  force  of  gases,  28,  377 


Falling  bodies,  motion  of,  98 ;  for- 
mulae for  motion  of,  109 

Filaments,  minuteness  of,  1 1 

Filtration,  22 

Flexibility,  33 ;  of  ropes,  320 

Florentine  experiment,  22 

Flour-mill,  424 

Fluids,  resistance  of,  322 

Fly,  270 ;  position  of,  285 

Fly-wheel,  280 

Foot-pound,  defined,  364 

Force,  277,  445  ;  measured  by 
weight,  43 

Forces,  defined,  43 ;  resultant  ef, 
44  ;  in  different  directions,  44 ; 
composition  of,  46;  of  moving 
masses,  75  ;  examples  of,  76 ; 
central,  146 ;  molecular,  190 ; 
resisting,  307;  electro-magnetic, 
355  ;  parallelogram  of,  46 ;  acting 
on  a  ship  or  boat,  65 

Free  descent,  laws  of,  109 

Friction,  309 ;  sliding  ajKi  rolling, 
311 ;  mode  of  experimenting  on, 
312;  wheels,  316 

Fuel,  mechanical  work  done  by, 
353 
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G 

Gaseous  state,  6 

Gases,  elasticity  of,  25 ;  expansibi- 
lity of,  28 ;  redaction  of,  to  other 
states  of  aggregation,  354 

Gimbals,  301 

Glass,  divisibility  of,  9 

Glue,  effect  of,  195 

Gnomon,  428 

Gold,  Visible  on  touchstone,  9  ;  leaf, 
II 

Governor,  275 

Gravity,  terrestrial,  94 ;  calculation 
of  motion  due  to,  1 1 1 ;  centre  of, 
123 

Guinea  and  feather  apparatus,  96 

Gun-cotton,  action  of,  356 

Gunnery,  application  of  theory  of 
projectiles  in,  119 


Hammer,  effect  of,  121;  sledge,  294 

Hardness,  30 ;  of  metals,  31 ;  mo- 
difications of,  31 

Harrison*s  pendulum,  434 

Heat»  effects  of,  354;  force  pro- 
duced by,  354 

Hinge,  303 

Hodgkinson  on  strength  of  mate 
rials,  329 

Hook's  joint,  293 

Horse-power,  347  ;  a  mechanical 
unir,  for  measuring  work,  364 

Hunter^s  screw,  255 

Hydrophane,  example  of  porosity, 
23 


Impenetrability,  6 

Inclined  plane,  244 ;    on   railway?, 

246 ;  double,  248 
Inclined  roads,  246 
Inertia,  38;  proofs  of,  40;  examples 

of,  41 
Inking  roller,  474 
Insects,  wings  of.  1 1 
Iron,  strength  of,  327 
IsochroDism,*449 


Joints,  300 ;  ball  and  socket,  301 ; 
universal,  292 ;  cradle,  303 ;  tele- 
scope, 304 ;  bayonet,  304 

K 

Kilogrammetre  defined,  367 
Kite,  forces  acting  on  a,  74 
Knee-lever,  224 


Leaning  towers,  134 

Level  surface,  94 

Lever,  212 ;  knee,  224 ;  rectangular, 

221;  compound,  222 ;  equivalent, 

227 
Liquid  state,  5 
Line,  of  direction,  133;  of  draught, 

317 
Lubricants,  313 

M 

Machine,  Atwood's,  103;  construc- 
tion of  a,  197 ;  functions  of  a, 
204 ;  simple,  210 ;  weighing,  323  ; 
planing,  414 ;  printing,  473  ;  book 
printing,  476;  newspaper  print- 
ing, 483 

Magic  clock,  145 

.  Magnitude,  units  of,  i ;  French  units 
of,  3 ;  unlimited,  4 

Mainspring,  281,  443 

Maintaining  power,  in  clocks,  463; 
in  watches,  465 

Malleability,  33 

Matter,  indestructible,  18 

Mechanical  powers,  211;  agents,  342 

Mercurial  time  measurer,  430 ;  pen- 
dulum, 435 

Micrometre  screw,  255 

Mill  stones,  426 

Missiles,  ponderous,  323 

Molecular  forces,  190 ;  action,  190 ; 
examples  on,  191 

Molecules,  proofs  for  existence  of, 
16 ;  component,  not  in  contact,  20 

Moments,  206 

Momentum  of  solids,  75  ;  of  liqui<l8, 
76 ;  numerical  measure  of,  77 
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MoriD*8  apparatus,  107 

Motion,  58 ;  direction  of,  in  a  curre, 
58  ;  effect  of  force  upon,  absolute 
and  relative,  75  ;  examples  of,  63 ; 
laws  of,  93;  on  inclined  plane, 
113  ;  of  projectiles,  116;  retarded, 
113;  perpetual,  357 ;  composition 
of,  61 ;  in  a  parabolic  curve,  119 

Moving  power  in  watches  and  clocks, 
441 

Musk,  divisibility  of,  15 

N 
Nobert*s  microscopic  test-lines,  13 


Oblique  impact,  85  ;  projection,  118 

Observatory  clocks,  469 

Organic    filaments,  minuteness   of, 

II 
Oscillation,  centre  of,  265 


Parallel  forces,  49 
Parallelogram  of  forces,  46 
Pendulum,  simple,  257;  indicates 
variations  of  gravity,  262  ;  com- 
pensation, 433 ;  measures  gravity, 
267;  length  oif,  270;  Harrison's 
compensation,    434  ;    mercurial, 

435 
Peron's  tables  of  human  strength, 

350 
Perpetual  motion,  357 
Physics,  object  of,  i ;  province  of, 

compared  with  that  of  chemistry, 

37 
Pianoforte,  key  of,  225 
Pile-engine,  401 

Pinion,  236 ;  mode  of  cutting,  441 
Plane,  inclined,  244 
Planing  machine,  414       , 
Plumb-line,  94 
Ponderous  missiles,  323 
Pores,  21  ;    physical,  21 ;   sensible, 

21 
Porosity,  examples  of,  22 
Poundal,  defined,  360 
Power,  and  weight,  200 ;  gained  at 

expense  of   time ;    207 ;   animal, 


383;    horse,   347;    water,   351; 
wind,  352 ;  steam,  352 

Printing,  old  method  of,  473  ;  ma- 
chines, 476  ;  single,  476  ;  double, 
476 

Printing  press,  473 

Problem  on  work  and  energy,  384 

Projectiles,  motion  of,  116 

Pulley,  237 ;  fixed,  239 ;  movable, 
240 ;  Smeaton's,  242  ;  Whitens, 
242 ;  combinations  of,  273 

Pulverised  bodies  different  from  li- 
quid, 5 

R 

Reaction,  82 ;  examples  of,  82 
Rectangular  lever,  221 
Regulations,  for  motion,  275 
Repose,  angle  of,  313 
Resistance  of  air,    119;    of  fluids, 

322 
Resisting  forces,  307 
Resolution  of  forces,  43 ;  of  motion, 

Resultant  of  forces,  49 ;  conditions 
of  having  a  single,  53 ;  of  gra- 
vity, 124 

Retarded  motion,  113 

Revolution,  solids  of,  162 

Rollers,  inking,  474 

Rolling  friction,  314 

Rolling  and  punching  mill,  414 

Ropes,  flexibility  of,  320 

Rose-engine,  290 


Salt  of  silver  dissolved,  16 

Sand-glass,  430 

Saw-mill,  416 

Screw,  251;  application  of,  254; 
mode  of  cutting,  421 ;  Hunter's, 
255  ;  micrometer,  255 ;  endless, 
256 ;  adjusting,  305 

Screw-cutting  engine,  421 

Screw  press,  254 

Shears,  294 

Sheaves,  237 

Ship,  forces  acting  on  a,  65 

Simple  machines,  210 

Sledges,  314 

Sledge  hammer,  294,  406 

Soap  bubbles,  thickness  of,  1 1 


Digitized 


by  Google 


INDEX. 


489 


Solder,  eflfect  of,  195 
Solid  state,  5 
Spade  labour,  346 
JSpider^s  web,  fineness  of,  15 
Spring-balances,  218 
Springs  and  weights,  353 
Stability,  132;  of  vehicle,  135;  of 
table,  135  ;  different  examples  of, 

139 

Stamping  engine,  405 

Statical  problems,  182 

Steam  horse,  351 

Steam  power,  352 

Steel-yard,  216 

Strength,  of  materials,  325 ;  of  tim- 
ber, 328 ;  of  cordage,  328 ;  of  co- 
lumns, 330 ;  Peron's  table  of  4iu- 
man,  350 

Striking  apparatus  of  clocks,  469 

Strychnine,  divisibility  of,  in  solu- 
tion, 15 

Sugar,  in  solution,  16 

Sun-dials,  427 

Suspension,  point  of,  its  relation  to 
centre  of  gravity,  126 

Swing,  property  of,  268 


Teeth,   of  wheels,   234;  formation 

of,  423 
Telescope  joint,  304 
Tenuity,    35;    of    metals,   35;    of 

fibrous  texture,  36 
Timber,  strength  of,  328 
Time,  influence  of,  on  effect  of  force, 

122 
Toothed  wheels,  234 
Torsion,  elasticity  of,  28 
Towers,  leaning,  134 
Tread-miUs,  229 


Tredgold's  table  of  strength  of 
beams,  339;  estimate  of  horse 
labour,  350 

Trunnions,  303 

U 

Units  of  force,  358 
Universal  joint,  292 


Velocity,  defined,  58 ;  table  of,  60 
Vertical  direction,  94 
Vis  inertise,  38 
Vis  viva,  375 

W 

Watches,  427 ;  movement  of  hands 
of,  450 

Water  power,  351 

Wedge,  249 ;  use  of,  250 

Weighing  machine,  223 

Weight,  proportional  to  mass,  98  ; 
in  a  machine,  197 

Welding,  34 

Wheel,  and  axles,  227 ;  crown,  235 
bevelled,  236 ;  balance,  270 ;  fly, 
280 ;  position  of  fly,  281 ;  use  of, 
281 ;  mode  of  cutting,  423 ;  ba- 
lance, 270 

Whirling  table,  150 

Windlass,  228 

Wind  power,  352 

Wipers,  289 

Wire,  of  glass,  9 ;  ductility  of,  9 

Wollaston's  micrometric  wire,  10 

Work,   how  measured,   206,  362; 
units  of,  364 ;  accumulated,  368 

Working  point,  of  a  machine,  197 


LOlTDOir  t    PBnrTBD    BT 

BF0TTI8W00DE   AND   00.,   NXW-STBBBT    SQUABB 

ABD    PABLIAMEBT    8TBBET 


Digitized 


by  Google 


Digitized 


by  Google 


DR.    LARDNERS   SCIENTIFIC 
HANDBOOKS. 


THE  HANDBOOK  OF  ASTRONOMY.  By  Dionysitjs  Labdneb,  D.C.L., 
formerly  Professor  of  Natural  Philosophy  and  Astronomy  in  University  College, 
London.  Fourth  Edition.  Revised  and  Edited  by  Edwin  Dunkin,  F.R.S.,  Superin- 
tendent of  the  Altazimuth  Department,  Royal  Observatory,  Greenwich.  With 
88  plates  and  upwards  of  100  Woodcuts.  In  one  thick  voL  crown  8vo.  price  98.  6d. 
cloth. 

'  Probably  no  other  book  contains  the  same  amount  of  inf<Mrmation  in  so  compendious 
and  well-arranged  a  f orm.»— Athbn^um. 
'  A  trustworthy  and  valuable  guide  to  the  study  of  Astronomy.* — ^English  Mbchakic. 

THE  HANDBOOK  OF  OPTICS.     New  Edition.     Edited  by  T.  Olvbb 
HAKDiNa,  B.A.  Lond.,  of  University  CJollege,  London,    With  298  Illustrations. 
Small  8vo.  doth,  448  pages,  price  5s. 
•Written  by  one  of  the  ablest  English  sdentifio  writers,  beautifuUy  and  elaborately 

illustrated.'— MscHiLNics'  Maqazoe. 

THE  HANDBOOK  OF  ELECTEICITY,  MAGNETISM,  AND 
ACOUSTICa  Now  Edition.  Edited  by  Gborqb Cabby  Foster,  B. A.,  F.O.S.  With 
400  Illustrations.    SmaU  8vo.  (doth,  price  Gs. 

*  The  book  could  not  have  been  entrusted  to  anyone  better  calculated  to  preserve  the 
terse  and  lucid,  style  of  Lurdner,  while  bringing  up  his  work  to  the  present  state  of 
sdentiflc  knowledge.'— Fopulajk  Science  Review. 

THE  HANDBOOK  OF  HYDROSTATICS  AND  PNEUMATICS. 
New  Edition,  Revised  and  Enlarged  by  Benjamin  Lobwt,  F.R  JLS.  With  numerous 
Illustrations.    5s. 

*  A  well  illustrated  and  considerably  improved  edition  of  a  well-established  standard 
work.*— Standard. 

*  May  be  safely  recommended  as  a  useful  popular  book  of  reference.'— Ibon. 

THE  handbook:  of  heat.  New  Edition.  Re-written  and  Enlarged. 
By  Benjamin  L(Swt,  F.B.A.S.    With  numerous  Illustrations.    6s.     \N(m  ready, 

THE  HANDBOOK  of  MECHANICS.  New  Edition.  Revised  and 
Enlarged  by  Benjamin  Loewy,  F.RA.S.    With  numerous  Illustrations. 

\Juit  ready, 

THE  HANDBOOK  OF  ANIMAL  PHYSICS.  With  620  lUustrations. 
New  Edition,  small  8vo.  doth,  78. 6d.    732  pages. 

THE  ELECTRIC  TELEGRAPH.  New  edition.  Re-written  by  E.  B. 
Bright,  F.RJLS.    UO  Illustrations.    2s.  6d.  cloth. 

'  One  of  the  most  readable  books  extant  on  the  Electric  Telegraph.' 

English  Mechanic. 

NATURAL  PHILOSOPHY  FOR  SCHOOLS.  By  Dr.  Laednbr. 
328  Illustrations.    Fifth  Edition.    1  vol.  8s.  6d.  cloth. 

'  A  very  convenirait  dass-book  for  junior  students  in  private  schools.' 

British  Quarterly  Review. 

ANIMAL  PHYSIOLOGY  FOR  SCHOOLS.    By  Dr.  Labdnbe.    With 
190  Illustrations.    Second  Edition.    1  vol.  3s.  6d.  cloth. 
'  Cleurly  written,  well  arranged,  and  excellently  illustrated.' — Qabdenebs'  Chronicle. 


London :  CROSBY  LOCKWOOD  &  CO. 

7  Stationers'  Hall  Court,  Ladgate  Hill,  E.C. 


Digitized 


by  Google 


DR.  LARDNERS  MUSEUM  OF  SCIENCE 
AND  ART. 


THE  MUSEUM  OF   SCIENCE  AND    ART.    Edited  by 

DioNTsros  Lardxer,  D.G  L.,  formerly  Professor  of  Natural  Philosophy  and 
Astronomy  In  UniveralU^  College,  London.  With  upwards  of  1,200  Engravings  on 
Wood.  In  6  Double  volumes,  elegantly  bound  in  cloth,  gilt,  price  £1.  Is. ;  or 
handsomely  bound  in  half-morocco,  marbled  edges,  £1.  lis.  6d. 

Contents : 

The  Planets :  are  they  inhabited  Worlds  ?— Weather  Prognostics— Popular  Fallacies  In 
Questions  of  Physical  Science— Latitudes  and  Longitudes— Lunar  Inflnenoe»— 
Meteoric  Stones  and  Shooting  Stars— Railway  Accidents— Light— Air— Locomotion 
in  the  United  States— Cometary  Influences— Water—The  Potter's  Art— Piie— 
Locomotion  and  Transport,  their  Influence  and  Progress— The  Moon— The  Earth— 
The  Electric  Telegraph— Terrestrial  Heat— The  Sun— Earthquakes  and  Volcanoes- 
Barometer,  Safety  Lamp,  and  Whitworth's  Micrometric  Apparatus — Steam— The 
Steam  Engine  — The  Eye  — The  Atmosphere  —  Time  —  Pumps  —  Spectacles,  the 
Kaleidoscope,  Clocks  and  Watches— Microscopic  Drawing  and  Engraving— Locomo- 
tive—Thermometer-New  Planets ;  Leverrier  and  Adams's  Planet — ^Magnitude  and 
Minuteness- The  Almanack— Optical  Images— How  to  observe  the  Heavens- The 
Looking-glass— Stellar  Universe— The  Tides— Colour— Man— Magnifying  Glasses- 
Instinct  and  Intelligence— The  Solar  Microscope— The  Camera  Ludda— The  Magic 
Lantern— The  Camera  Obscura— The  Microscope— The  White  Ants  :  their  Manners 
and  Habits— The  Surface  of  the  Earth ;  or.  First  Notions  of  Geography— Science 
and  Poetry  — The  Bee  — Steam  Navigation  —  Electro-Motive  Power  —  Thunder, 
Lightning,  and  the  Aurora  Borealis— The  Printing  Press— The  Crust  of  the  Earth- 
Comets— The  Stereoscope— The  Pre-AdamiteBarth— Eclipses— Sound, 

'  The  "  Museum  of  Science  and  Art "  is  the  most  valuable  contribution  that  has  ever 
been  made  to  the  scientific  instruction  of  every  class  of  society.' 

Sn.r  David  Brewster  in  the  NORTH  British  Review. 

'  ^Vhether  we  consider  the  liberality  and  beauty  of  the  illustrations,  the  charm  of  the 
writing,  or  the  durable  interest  of  the  matter,  we  must  express  our  belief  that  there  is 
hardly  to  be  found  among  the  new  books  one  that  would  be  welcomed  by  people  of  so 
many  ages  and  classes  as  a  valuable  present.' — Examiner. 

*#*  Separate  books  formed  from  the  above,  suitable  fir  WorhnerCs 
Libraries,  ^c. 

COMMON  THINGS  EXPLAINED.    With  233  lUustrations,  6s.  cloth. 

THE   ELECTRIC   TELEGRAPH    POPULARISED.     100  niustrations, 

l8.  6d.  cloth. 

THE  MICROSCOPE.     With  147  Illustrations,  2s.  cloth. 
POPULAR  GEOLOGY.     With  201  lUustrations,  2s.  6d.  cloth. 
POPULAR  PHYSICS.     With  85  Illustrations,  2s.  6d.  cloth. 
POPULAR  ASTRONOMY.    With  182  Illustrations,  4s.  6cL  cloth. 
STEAM  AND  ITS  USES.     With  89  Illustrations,  2s.  cloth. 
THE  BEE  AND  WHITE  ANTS.    With  135  Illustrations,  2s.  cloth. 


London :   CROSBY  LOCKWOOD  &  CO., 

7  Stationers'  Hall  Court,  Ludgate  Hill,  E.C.      . 


Digitized 


by  Google 


USEFUL  SCIENTIFIC  BOOKS. 


A  TREATISE  ON  THE  STRENGTH  OF  MATERIALS.  By  Pbtbb 
Babiow,  F.B.S.  A  New  Edition,  revised  by  his  Sons,  P.  W.  Barlow,  F.R.S.,  and 
W.  H.  Barlow,  F.B.S.  With  numerous  important  Additions.  The  whole  arranged 
and  edited  by  W.  Humbbr,  Assoc.  Inst.  C.E.,  Authori>f  *  A  Complete  and  Practical 
Treatise  on  Cast  and  Wronght-Iron  Bridge  Ck^nstmction,'  &o.  8vo.  400  pp.,  with 
19  large  Plates,  and  numerous  Woodcuts,  18«.  cloth. 

'The  standard  treatise  upon  this  particular  sixbject.*~ENaiNBBR. 

RUDIMENTARY  TREATISE  ON  CLOCKS,  AND  WATCHES,  AND 
BELLS.  By  Sir  Edmund  Beckbtt,  Bart,  (late  E.B.  Denison),  LL.D.,  Q.C.,  F.BJLS., 
Author  of  'Aetronon^  without  Mathematics,'  &c.  Sixth  Edition,  thoroughly 
vevised  and  enlarged,  with  numerous  Illustrations.  Limp  doth  (No.  67,  Weale's 
Series),  4«.  Sd. ;  doth  boards,  ff«.  Sd. 

'  As  a  popular,  and,  at  the  same  time,  practical  treatise  on  clocks  and  bells,  it  is 
nnapproaohed.'— Enoush  Mbohanio. 

*The  best  work  on  the  subject  probably  extant To  call  it  a  rudimentary  treatise 

is  a  misnomer.  It  is  something  more.  It  is  the  most  important  work  of  its  kind  in 
Bng]isb.'~-BNaiNBBRlMQ. 

THE  OPERATIVE  MECHANICS  WORKSHOP  COMPANION,  AND 

THE  SCJIENTIFIO  GENTLEMAN'S  PRACTICAL  ASSISTANT.  By  William 
Tbmflkton.  Twelfth  Edition,  with  Mechanical  Tables  for  Operatiye  Smiths,  Mill> 
Wrights,  Engineers,  &c. ;  and  an  extensiTe  Table  of  Powers  and  Boots,  die.  &o. 
11  Plates.    12mo.  0s.  bound. 

'  It  has  met  with  great  snooess  in  the  engineering  workshop,  as  we  can  testify ;  and 
there  are  a  great  many  men  who,  in  a  great  meoBure,  owe  their  rise  in  life  to  this  little 
work.'— BuiLDBSG  News. 

A  PRACTICAL  TREATISE  ON  MECHANICAL  ENGINEERING: 
comprising  MetaUurgy,  Moulding,  Casting,  Forging,  Tools,  Workshop  Machinery, 
Mechanical  Manipulation,  Manufacture  of  the  Steam  Engine,  Lo.  &c.  With  an 
Appendix  on  the  Analysis  of  Iron  and  Iron  Ore,  and  a  Glossary  of  Terms.  By 
FBANas  Camfin,  O.E.  Illustrated  with  91  Woodcuts  and  28  Plates  of  Slottinir, 
Shaping,  Drilling,  Punching,  Shearing,  and  Riveting  Machines— Blast,  Refining, 
and  Bererberatory  Furnaces— Steam  Engines,  Ck>Temors,  Boilers,  Locomotires,  &c. 
8to.  doth,  12«. 

MATHEMATICS  FOR  PRACTICAL  MEN;  being  a  Commonplace 
Book  of  Pure  and  Mixed  Mathematics.  Designed  chiefly  for  the  Use  of  CiTil 
Engineers,  Architects,  and  Surveyora.  By  Olinthus  Gregory,  LL.D.,  F.R.A.S. 
EnUrged  by  Hbnrt  Law,  C.E.  4th  Edition,  carefully  revised  and  corrected  by 
J.  R.  YouKO,  formerly  Professor  of  Mathematics,  Bdfast  College ;  Author  of  *  A 
Course  of  Mathematics,'  Lc.    With  18  Plates.    Medium  8to.  £1.  Is.  doth. 

*  The  engineer  or  architect  will  here  find  ready  to  his  hand  rules  for  solving  n^ly 
every  mathematical  difElcnlty  that  may  arise  in  his  practice.'— Builder. 

A  HANDY  BOOK  FOR  THE  CALCULATION  OF  STRAINS  IN 

GIRDERS  AND  SIMILAR  STRUCTURES  AND  THEIR  STRENGTH;  consist, 
ing  of  FormulsB  and  Corresponding  Diagrams,  with  numerous  Details  for  Practical 
Application,  &c.  By  William  Humber,  Assoc.  Inst.  C.E.,  Stc.  Second  Edition. 
tcp.  Syo.  with  nearly  100  Woodcuts  and  3  Plates,  price  7«.  6d,  cloth. 


London :  CROSBY  LOCKWOOD  &  CO. 

7  Stationers'  Hall  Court,  Ludgate  Hill,  E.C. 
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VALUABLE  TECHNICAL   MANUALS. 


X  DICTIONARY  OF  TERMS  USED  IN  ARCHITECTURE,  BUILD- 
ING. BNOINEKRING.  MINING,  METALLURGY,  ARCHEOLOGY,  THE  FINE 
ARTS,  &c.  With  ExpUufttory  Obaenmtioos  on  various  Bubjecto  connected  with 
Applied  Science  and  Art.  By  John  Wbalb.  Fifth  Edition,  Teviaed  and  corrected. 
Edited  by  Robert  Hunt,  F.R.S.,  Keeper  of  Mining  Records,  Editor  of  Tire's 
'  Dictionary  of  ArU,  Manafactnres,  and  Mines.'    Nnmerous  Illiutrations.    fe. 

PLUMBING.  A  Text- Book  to  the  Practice  of  the  Art  or  Craft  of  the 
Plamber.  With  Supplementary  Chapters  upon  House  Drainage,  on  bodying  the 
latest  Improvements.  Containing  aboat  300  Illastrations.  By  WmuAic  Patox 
BucHAN,  Practical  and  Consulting  Sanitary  Plumber  ;  Mem.  of  Goon.  San.  and  Soc. 
Econ.  Sec.  of  the  Philosophical  Society  of  Glasgow.    Ss.  \Jwt  pubUihed. 

MECHANICS,  Rudimentary  Treatise  on ;  being  a  Concise  Exposition  of 
the  General  Principles  of  Mechanical  Science,  and  their  Applications.  By  Charlbs 
ToMMNflox,  Lecturer  on  Natural  Science  in  King's  College  School,  London. 
Illustrated.    Is.  6ef. 

CIVIL  ENGINEERING,  the  Rudimente  of;  for  the  use  of  Beginners,  for 
Practical  Engineers,  and  for  the  Army  and  Navy.  By  Hbnrt  Law,  C.E.  Including 
a  Section  on  Hydraulic  Engineering,  by  Gkorob  R.  Bitrnell,  C.E.  5th  Edition, 
with  Notes  and  Illustrations  by  Robert  Mallett,  A.M.,  F.R.S.  Illustrated  with 
Plates  and  Diagramsl    5s. 

PRACTICAL  MECHANISM,  the  Elements  of;  and  Machine  Tools.  By 
T.  Bakbr,  C.E.  With  Remarlos  on  Tools  and  Machinery,  by  J.  Nasbitth,  C.E. 
Plates.    28.  6d. 

MODERN  WORKSHOP  PRACTICE,  as  applied  to  Marine,  Land,  and 
Locomotive  Engines,  Floating  Docks,  Dredging  Machines,  Bridges,  Cranes,  Ship- 
Building,  &c.  jic.    By  J.  G.  WiNTON.    Illustrated.    3s. 

IRON  AND  HEAT ;  exhibiting  the  Principles  concerned  in  the  Construction 
of  Iron  Beams,  Pillars,  and  Bridge  Girders,  and  the  Action  of  Heat  in  the  Smelting 
Furnace.    By  J.  Armour,  C.E.    2s.  6d. 

POWER  IN  MOTION:  Horse-Power,  Motion,  Toothed- Wheel  Gearing, 
Long  and  Short  Driving  Bands,  Angular  Forces.  By  James  Armour,  C.E.  With 
73  Diagrams.    28.  6d. 

STEAM  AND  THE  STEAM  ENGINE,  Stationary  and  Portable.  An 
Elementary  Treatise  on.  Being  an  extension  of  Mr.  John  Sewell's  *  Treatise  on 
Steam.'  By  D.  Einnbar  Clark,  C.E.,  M.I.C.E.,  Author  of  *  Railway  Machinery,' 
*  Railway  Looomotiyes,'  &c.  &c.    With  nnmerous  Illustrations.    3s.  6d. 

\Jvi4t  puJAithed. 

THE  STEAM  ENGINE,  a  Rudimentary  Treatise  on.  By  Dr.  Laednbb. 
Illustrated.    Is.  6d. 

THE  STEAM  ENGINE,  a  Treatise  on  the  Mathematical  Theory  of,  with 
Rules  at  length,  and  Examples  for  the  Use  of  Practical  Men.  By  T.  Baksb,  C.£. 
Illustrated.    Is.  6d. 

METALLURGY  OF  IRON,  a  Treatise  on  the.  Containing  Outlines  of 
the  History  of  Iron  Manufacture,  Methods  of  Assay,  and  Analyses  of  Iron  Ores, 
Processes  of  Manufacture  of  Iron  and  Steel,  &c.  By  H.  Baubrman,  F.G.S.,  Associate 
of  the  Royal  School  of  Mines.  Fourth  Edition,  revised  and  enlarged,  with  numerous 
Illustrations,    is.  6d. 

THE  APPLICATION  OF  IRON  TO  THE  CONSTRUCTION  OF 
BRIDGES,  GIRDERS,  ROOFS,  AND  OTHER  WORKS.  Showing  the  Principles 
upon  which  such  Structures  are  designed,  and  their  practical  Application. 
By  Francis  Campin,  C.E.  Second  Edition,  revised  and  corrected.  Kumeroos 
Woodcuts,  2s.  6d. 

London :  CROSBY  LOCKWOOD  &  CO. 

7  S^Ationers'  Hall  Court,  Ludgate  Hill,  E.Ci 
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ENGINEERING,  SURVEYING,  &c. 

♦ 

Humberts  New  Work  on  Water-Supply. 

A  COMPREHENSIVE  TREATISE  on  the  WATER-SUPPLY 
of  CITIES  and  TOWNS.  By  William  Humber,  Assoc.  Inst. 
C.E.,  and  M.  Inst  M.E.  Author  of  "Cast  and  Wrought  Iron 
Bridge  Construction,"  &c.  &c  Imp.  4to.  Illustrated  with  50 
Double  Plates,  2  Single  Plates,  Coloured  Frontispiece,  and  upwards 
of  250  Woodcuts,  and  containing  400  pages  of  Text,  elegantly  and 
substantially  half-bound  in  morocco.     Price  6/.  6j.  , 

List  of  Contents: — 
I.  Historical  Sketch  of  some  of  the  means  that  have  been  adopted  for  the  Supply 
of  Water  to  Cities  and  Towns. — II.  Water  and  the  Foreign  Matter  usually  asso- 
ciated with  it. — III.  Rainfall  and  Evaporation. — IV.  Springs  and  the  water- 
bearing formations  of  various  districts.— V.  Measurement  and  Estimation  of  the 
Flow  of  Water.— VI.  On  the  Selection  of  the  Source  of  Supply.— VII.  Wells.— 
VIII.  Reservoirs. — IX.  Tne  Purification  of  Water. — X.  Pumps. — XI.  Pumping 
Machinery.— XII.  Conduits.— XIII.  Distribution  of  Water.— XIV.  Meters,  Ser- 
vice Pipes,  and  House  Fittings. — XV.  The  Law  and  Economy  of  Water  Works. — 
XVI.  Constant  and  Intermittent  Supply. — XVII.  Description  of  Plates.— Appen- 
dices, giving  Tables  of  Rates  of  Supply,  Velocities,  &c.  &c.,  together  with 
Specifications  of  several  Works  illustrated,  among  which  will  be  found  : — Aberdeen, 
Bideford,  Canterbury,  Dundee,  Halifax,  Lambeth,  Rotherham,  Dublin,  and  others. 

OPINIONS  OF  THE  PRESS. 

**  The  most  systematic  and  valuable  work  upon  water  supply  hitherto  produced  in 
English,  or  in  any  other  language." — Engineer  (first  notice)?- Wov.  3.  1876 

"  Mr.  Humberts  work  is  characterised  almost  throughout  by  an  exhaustiveness 
much  more  distinctive  of  French  and  German  than  of  English  technical  treatises."— 
Engineer  (third  notice),  Dec.  15, 1876. 

'*  We  can  congratulate  Mr.  Humber  on  having  been  able  to  give  so  large  an 
amount  of  information  on  a  subject  so  important  as  the  water  supply  of  cities  and 
towns.  The  plates,  fifty  in  number,  are  mostly  drawings  of  executed  works,  and 
alone  would  have  commanded  the  attention  of  every  engineer  whose  practice  may  lie 
in  this  branch  of  the  profession,"— ^»j7rf!pr,  Dec.  9,  1876. 
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numbers  Modern  Engineering.     First  Series. 

A  RECORD  of  the  PROGRESS  of  MODERN  ENGINEER- 
ING,  1863.  Comprising  Civil,  Mechanical,  Marine,  Hydraulic, 
Railway,  Bridge,  and  other  Engineering  Works,  &c  By  William 
HuMBER,  Assoc.  Inst.  C.E.,  &c.  Imp.  4to,  with  36  Double 
Plates,  drawn  to  a  large  scale,  and  Photographic  Portrait  of  John 
Hawkshaw,  C.E.,  F.R.S.,  &c     Price  3/.  3^.  half  morocco. 

List  of  the  Plates, 

NAMB  AND  DESCRIPTION.  PLATES.  NAME  OF  ENGINEER. 

Victoria  Station  and  Roof—L.  B.&  S.  C.  Rail      i  to  8  Mr.  R.  Jacomb  Hood,  CE. 

Southport  Pier 9  and  xo  Mr.  James  Brunlees,  C.£. 

Victoria  Station  and  Roof—L.  C.  &  D.  &  G.  W. 

RaUways    zitoisA  Mr.  John  Fowler,  CE. 

Roof  of  Cremorne  Music  Hall 16  Mr.  William  H umber,  CE. 

Bridge  over  G.  N.  Railway 17  Mr.  Joseph  Cubitt,  CE. 

Root  of  Station— Dutch  Rhenish  Railway   ..  iSandzg  Mr.  Euschcdi,  CE. 

Bridge  over  the  Thames— West  London  Ex- 
tension Railway so  to  34  Mr.  WiIKam  Baker,  CE. 

Armour  Plates 25  Mr.  James  Chalmers,  CE. 

Suspension  Bridge,  Thames 96  to  29  Mr.  Peter  W.  Barlow,  CE. 

The  Allen  Engine    30  Mr.  G.  T.  Porter,  M.E. 

Suspension  Bridge,  Avon 31  to  33  Mr.  John  Hawkshaw,  CE. 

and  W.  H.  Barlow,  CE. 

Underground  Railway 34  to  36  Mr.  John  Fowler,  CE. 

With  copious  Descriptive  Letterpress,  Spedfications,  &c. 


"  Handsomely  lithographed  and  printed.  It  will  find  favour  with  many  who  desire 
to  preserve  in  a  permanent  form  copies  of  the  plans  and  specifications  prepared  for  the 
guidance  of  the  contractors  for  many  important  engineering  works." — Engineer. 

Humbet^s  Modem  Engineering.    Second  Series. 

A  RECORD  of  the  PROGRESS  of  MODERN  ENGINEER- 
ING,  1864 ;  with  Photographic  Portrait  of  Robert  Stephenson, 
C.E.,  M.P.,  F.R.S.,  &c     Price  3/.  3^.  half  morocco. 

List  of  the  Plates. 

NAME  And  description.  PLATES.  NAME  OF  ENGINEER. 

Birkenhead  Docks,  Low  Water  Basin   i  to  15  Mr.  G.  F.  Lyster,  CE, 

Charing  Cros.s  Station  Roof— C.  C.  Railway.  x6  to  18  Mr.  Ha^vksl^aw,  CE. 

Digswell  Viaduct— Great  Northern  Railway.  19  Mr.  J.  Cubitt,  C.E. 

Robbery  Wood  Viaduct— Great  N.  Railway.         20  Mr.  J.  Cubitt,  CE. 

Iron  Permanent  Way aoa  — — 

Clydach  Viaduct  —  Merthyr,  Tredegar,  and 

Abergavenny  Railway  ai  Mr.  Gardner,  CE. 

Ebbw  Viaduct        ditto        ditto        ditto  2a  Mr.  Gardner,  CE. 

Colleee  Wood  Viaduct — Cornwall  Railway  . .         23  Mr.  Brunei. 

Dublin  Wimer  Palace  Roof 24  to  a6  Messrs.  Ordish  &  Le  Feavxe. 

Bridge  over  the  Thames— L.  C.  &  D.  Railw.  27  to  3a  Mr.  J.  Cubitt,  C.E. 

Albert  Harbour,  Greenock   33  to  36  Messrs.  Bell  &  Miller. 

With  copious  Descriptive  Letterpress,  Specifications,  &c 


"A  resunti  of  all  the  more  interesting  and  important  works  lately  completed  in  Gieat 
Britain ;  and  containing,  as  it  does,  carefully  executed  drawings,  with  full  working 
details,  it  will  be  foimd  a  valuable  accessory  to  the  profession  at  large." — Engineer, 

**  Mr.  Humber  has  dpne  the  profession  good  and  true  service,  by  theiine  collection 
of  examples  he  has  here  brought  before  &e  profession  and  the  puUic"— -Prac/ww/ 
Mechanics'  you-naL 
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Humberts  Modern  Engineering.     Third  Series. 

A  RECORD  of  the  PROGRESS  of  MODERN  ENGINEER- 
ING, 1865.     Imp.  4to,  with  40  Double  Plates,  drawn  to  a  lai^e 
scale,  and    Photo  Portrait  of  J.  R.  M 'Clean,  Esq.,  late  President 
of  the  Institution  of  Civil  Engineers.     Price  3/.  3^.  half  morocco. 
List  of  Plates  arut  Diagrams, 


MAIN  DRAINAGE,  METROPOLIS, 

North  Side. 

Plate  I.  Map  showing  Interception  of 
Sewers. — 2  and  3.  Middle  Level  Sewer. 
Sewer  under  Regent's  Canal ;  and  Junc- 
tion with  Fleet  Ditch. — 4,  5,  and  6.  Out- 
fall Sewer.  Bridge  over  River  Lea. 
Elevation  and  Details.  —  7.  Outfall 
Sewer.  Bridge  over  Marsh  Lane,  North 
Woolwich  Railway,  and  Bow  and  Barking 
Railway  Junction.— 8,  9,  and  10.  Outfall 
Sewer.  Bridge  over  Bow  and  Barking 
Railway.  Elevation  and  Details. — 
XI  and  12.  Outfall  SeWer.  Bridge  over 
East  London  Waterworks'  Feeder.  Ele- 
vation and  Details. — 13  and  14.  Outfall 
Sewer.  Reservoir.  Plan  and  Section. — 
15.  Outfall  Sewer.  Tumbling  Bay  and 
Outlet.— 16.  Outfall  Sewer.  Penstocks. 
South  Siob. 

Plates  17  and  18.  Outfall  Sewer.     Ber- 
mondsey  Branch. — 19,   20,  21,   and  22. 


MAIN  DRAINAGE,  METROPOLIS, 

continued-^ 
Outfall  Sewer.      Reservoir  and   Outlet. 
Plan   and  Details.— 23.    Outfall    Sewer. 
Filth    Hoist.— 24.     Sections   of    Sewers 
(North  and  South  Sides). 

THAMES  EMBANKMENT. 

Plate  25.  Section  of  River  Wall.- 
26  and  27.  Steam-boat  Pier,  Westminster. 
Elevation  and  Details.  —  28.  Landing 
Stairs  between  Channg  Cross  and  Water- 
loo Bridges. — 29  and  30.  York  Gate. 
Front  Elevation.  Side  Elevation  and 
Details.— 31,  32,  and  33.  Overflow  and 
Outlet  at  Savoy  Street  Sewer.  Details  ; 
and  Penstock.  —34,  35,  and  36.  Steam-boat 
Pier,  Waterloo  Bridge.  Elevation  and 
Dstails.— 37.  Junction  of  Sewers.  Plans 
and  Sections — 38  Gullies.  Plans  and 
Sections. — 39.  Rolling  Stock. — 40.  Granite 
and  Iron  Forts. 


With  copious  Descriptive  Letterpress,  &c. 


Humberts  Modern  Engineering.    Fourth  Series. 

A  RECORD  of  the  PROGRESS  of  MODERN  ENGINEER- 
ING, 1866.     In^.  4to,  with  36  Double  Plates,  drawn  to  a  large 
scale,  and  Photographic  Portrait  of  John  Fowler,  Esq.,  President 
of  the  Institution  of  Civil  Engineers.    Price  3/.  3J.  half  morocco. 
List  of  the  Plates  and  Diagrams. 

NAMB  AND  DESCRIPTION.  PLATBS.  NAME  OF  ENGINEER. 

Abbey  Mills  Pumping  Station,  Main  Drainage, 

Metropolis i  to  4  Mr.  Bazalgette,  C.E. 

Barrow  Docks 5  to  9  Messrs.  M  Clean  &  Stillman, 

Manquis  Viaduct,  Santiago  and  Valparaiso  [C.E. 

Railway 10,  11  Mr.  W.  Loyd,  C.E. 

Adams' Xx)coniotive,  St  Helen's  Canal  Railw.      xa,  13  Mr.  H.  Cross,  C.E. 

Cannon  Street  Station  Roof  14  to  16  Mr.  J.  Hawkshaw,  C.E. 

Road  Bridge  over  the  River  Moka 17,  18  Mr.  H.  Wakefield,  C.E. 

Tdn^p^ic  Apparatus  for  Mesopotamia  ....         19  Mr.  Siemens,  C.E. 

Viaduct  over  the  River  Wye,  Midland  Railw.    ao  to  23  Mr.  W.  H.  Barlow,  C.£. 

St  Germans  Viaduct,  Cornwall  Railway  ....      33,  24  Mr.  Brunei.  C.£. 

Wrought-Iron  Cylinder  lor  Diving  Bell 35  Mr.  J.  Coode,  C.  E. 

iCfflwall  Docks 36  to  31  Messrs.  J.  Fowler,  C.E.,  and 

William  Wilson,  CE. 

Milro/s  Patent  Excavator    33  Mr.  MUroy.  CE. 

Metropolitan  District  Railway 33  to  38  Mr.  J.  Fowler,  and  Mr.  T. 

M.  Jobzison,  CE. 
Batbours,  Ports,  and  Breakwaters A  to  c 

With  Copious  Descriptive  Letterpress,  Specifications^  &*c. 
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Humberts  Great  Work  on  Bridge  Construction. 

A  COMPLETE  and  PRACTICAL  TREATISE  on  CAST  and 
WROUGHT-IRON    BRIDGE    CONSTRUCTION,   including 
Iron  Foundations.     In  Three  Parts- -Theoretical,   Practical,  and 
Descriptive.  By  William  H umber,  Assoc.  Inst.  C. E.,  and  M.  Inst. 
M.  E.    Third  Edition,  revised  and  much  improved,  with  115  Double 
Plates  (20  of  which  now  rirst  appear  in  this  edition),  and  numerous 
additions  to  the  Text.     In  2  vols.  imp.  4to,  price  6/.  i6j.  6d.  half- 
bound  in  morocco. 
*'A  very  valuable  contribution  to  the  standard  literature  of  civil  engineering.  In 
addition  to  elevations,  plans,  and  sections,  large  scale  <ietails  are  given,  which  very- 
much  enhance  the  instructive  worth  of  these  illustrations.     No  engineer  would  wil- 
lingly be  without  so  valuable  a  fund  of  information." — Civil  Engineer  and  Architects 
Journal. 

*'  Mr.  Humbcr's  stately  volumes  lately  issued— in  which  the  most  iniportant  bridges 
erected  during  the  last  five  years,  under  the  direction  of  our  most  eminent  engineers, 
are  drawn  and  .specified  in  great  detail."— iSwye^'w^r*-. 

"A  book— and  particularly  a  large  and  costly  treiti.se  like  Mr.  Humber's-^which 
has  reached  its  third  edition  maj'  certainly  be  .said  to  have  established  its  own 
reputation. " — Eugineeritig. 

Strains  ^ForviulcB  &  Diagrams  for  Calculation  of, 

A  HANDY  BOOK  for  the  CALCULATION  of  STRAINS 
in  GIRDERS  and  SIMILAR  STRUCTURES,  and  their 
STRENGTH  ;  consisting  of  Formulseand  Corresponding  Diagrams, 
with  numerous  Details  for  Practical  Application,  &c.  By  William 
HUMBER,  Assoc.  lust.  C.E.,  &c.  Second  Edition.  Fcap.  8vo, 
with  nearly  100  Woodcuts  and  3  Plates,  price  'js.  6d,  cloth. 
**  The  arrangement  of  the  matter  in  this  little  volume  is  as  convenient  as  it  well 

could  be The  system  of  employing  diagrams  as  a  substitute  for  complex 

computations  is  one  justly  coming  into  ^at  favour,  and  in  that  respect  Mr.  Humberts 
volume  is  fully  up  to  the  times." — Engineering. 

"The  formulae  are  neatly  expressed,  and  the  diagrams  good.*' — Athenaum, 
**  Mr.  Humber  has  rendered  a  great  service  to  the  architect  and  engineer  by  pro- 
ducing a  work  especialiy  treating  on  the  methods  of  delineating  the  strains  on  iron 
beams,  roofs,  and  bridges  by  means  of  ^va%x9Jxi's>"—  Builder. 

Barlow  on  the  Strength  of  Materials^  enlarged. 

A  TREATISE  ON  THE  STRENGTH  OF  MATERIALS, 
with  Rules  for  application  in  Architecture,  the  Construction  of 
Suspension  Bridges,  Railways,  &c  ;  and  an  Appendix  on  the 
Power  of  Locomotive  Engines,  and  the  effect  of  Inclined  Planes 
and  Gradients.  By  Peter  Bari^ow,  F.R.S.  A  New  Edition, 
revised  by  his  Sons,  P.  W.  Barlow,  F.R.S.,  and  W.  H.  Barlow, 
F.R.S.,  to  which  are  added  Experiments  by  Hodgkinson,  Fair- 
BAIRN,  and  Kirkaldy  ;  an  Essay  (with  Illustrations)  on  the  effect 
produced  by  passing  Weights  over  Elastic  Bar.s,  by  the  Rev. 
Robert  Willis,  M.A.,  F.R.S.  And  Formulae  for  Calculating 
Girders,  &c.  The  whole  arranged  and  edited  by  W.  HuMBER, 
Assoc.  Inst.  C.E.,  Author  of  **  A  Complete  and  Practical  Treatise 
.  on  Cast  and  Wrought-Iron  Bridge  Construction,"  &c.  8vo,  400 
pp.,  with  19  large  Plates,  and  numerous  woodcuts,  \%s.  cloth. 

"  The  book  is  undoubtedly  worthy  of  the  highest  commendation." — Miningjoumal. 
"The  best  book  on  tne  subject  wnich  has  yet  appeared.     ....     Wc  know  of 
no  work  that  so  completely  fulfils  its  mission.'  — English  Mechanic. 
**  The  standard  treatise  upon  this  particular  subject." — Engineer. 
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Iron  and  SteeL 

'IRON  AND  STEEL':  a  Work  for  the  Forge,  Foundry, 
Factory,  and  Office.  Containing  Ready,  Useful,  and  Trustworthy 
Information  for  Ironmasters  and  their  Stocktakers ;  Managers  of 
Bar,  Rail,  Plate,  and  Sheet  Rolling  Mills ;  Iron  and  Metal 
Founders  ;  Iron  Ship  and  Bridge  Builders  ;  Mechanical,  Mining, 
and  Consulting  Engineers ;  Architects,  Contractors,  Builders,  and 
Professional  Draughtsmen.  By  Charles  Ho  are,  AutVor  ot 
*The  Slide  Rule,'  &c.  Eighth  Edition.  Revised  throughout  and 
considerably  enlarged.  With  folding  Scales  of  **  Foreign  Mea- 
sures compared  with  the  Enghsh  Foot,"  and  **  fixed  Scales  of 
Squares,  Cubes,  and  Roots,  Areas,  Decimal  Equivalents,  &c." 
Oblong,  32mo,  leather  elastic-band,  6^. 

"  We  cordially  recommend  this  book  to  those  engaged  in  considering  the  details 

of  all  kinds  of  iron  and  steel  works It  has  been  compiled  with  care  and 

accuracy.  .  .  .  .  Many  useful  rules  and  hints  are  given  for  lessening  the 
amount  of  arithmetical  labour  which  is  always  more  or  less  necessary  m  arranging 
iron  and  steel  work  of  all  kinds,  and  a  great  quantity  of  useful  tables  for  preparing 
estimates  of  weights,  dimensions,  strengths  of  structures,  costs  of  work,  &c.,  will  be 
found  in  Mr.  Hoare's  book. — Naval  Science. 

Weale's  Engineers'  Pocket-Book. 

THE  ENGINEERS',  ARCHITECTS',  and  CONTRACTORS' 
POCKET-BOOK   (Lockwood  &   Co.'s;    formerly  Weale's). 
Published  Annually.      In  roan  tuck,  gilt  edges,  with  10  Copper- 
Plates  and  numerous*"Woodcuts.     Price  6j. 
^  "  A  vast  amount  of  really   valuable  matter  condensed   into   the   small  dimen- 

.Mons  of  a  book  which  is,  in  reality,  what  it  professes  to  be— a  pocket-book.    .... 

We  cordially  recommend  the  book. — CollUry  Guardian, 

*' It  contains  a  laree  amount  of  information  peculiarly  valuable  to  those  for  whose 

use  it  is  compiled,     we  cordially  commend  it  to  the  engineering  and  architectural 

professions  generally."— -JI/«>«V»^  Journal, 

Iron  Bridges,  Girders,  Roofs,  &c. 

A  TREATISE  on  the  APPLICATION  of  IRON  to  the  CON- 
STRUCTION of  BRIDGES,  GIRDERS,  ROOF.S,  and  OTHER 
WORKS  ;  showing  the  Principles  upon  which  such  Structures  are 
Designed,  and  their  Practical  Application.  Especially  arranged  for 
the  use  of  Students  and  Practical  Mechanics,  all  Mathematical  For- 
mulae and  Symbols  being  excluded.  By  Francis  Campin,  C.E. 
Second  Edition  revised  and  corrected.  With  numerous  Diagrams. 
i2mo,  cloth  boards,  y, 

"Invaluable  to  those  who  have  not  been  educated  in  mathematics.'*— C^/^t^^ 
Guardian. 

"  Remarkably  accurate  and  well  wntten.''^AriiMaM, 

Mechanical  Engineering. 

A  PRACTICAL  TREATISE  ON  MECHANICAL  ENGI- 
NEERING :  comprising;  Metallurgy,  Moulding,  Casting,  Forging, 
Tools,  Workshop  Machmery,  Mechanical  Manipulation,  Manufac- 
ture of  the  Steam  Engine,  &c.  &c.  With  an  Appendix  on  the 
Analysis  of  Iron  and  Iron  Ore,  and  Glossary  of  Terms.  By  Francis 
Campin,  C.E.  Illustrated  with  91  Woodcuts  and  28  Plates  of 
Slotting,  Shaping,  Drilling,  Ptmching,  Shearing,  and  Riveting 
Machines — Blast,  Refining,  and  Reverberatory  Furnaces — Steam 
Engines,  Governors,  Boilers,  Locomotives,  &c.     8vo,  cloth,  12/. 


Digitized 


by  Google 


6        WORKS  IN  ENGINEERING,    SURVEYING,   ETC., 

Ptofteer  Engineering. 

PIONEER  ENGINEERING.  A  Treatise  on  the  Engineering 
Operations  connected  with  the  Settlement  of  Waste  Lands  in  New 
Countries,  By  Edward  Dobson,  Assoc.  Inst.  C.E.,  Author  of 
*'The  Art  of  Building,"  &c.  With  numerous  Plates  and  Wood 
Engravings.     Crown  8vo,  los.  6d.  [Just  published, 

"A  most  useful  handbook  to  engineering  pioneers." — Iron^  Dec.  2,  1876. 

"  The  author's  experience  has  been  turned  to  good  account,  and  the  book  is  likely 
to  be  of  considerable  service  to  pioneer  engineers. " — Building  News. 

"  Promises  a  great  deal,  and  fulfils  most  of  its  promises Of  use  to  the 

colonial  pioneering  surveyor  and  engineer.  ' — Scotsman, 

New  Iron  Trades'  Companion, 

THE  IRON  AND  METAL  TRADES'  COMPANION: 
Being  a  Calculator  containing  a  Series  of  Tables  upon  a  new  and 
comprehensive  plan  for  expeditiously  ascertaining  the  value  of  any 
goods  bought  or  sold  by  weight,  from  is.  per  cwt.  to  ll2s.  per 
cwt. ,  and  from  one  farthing  per  pound  to  one  shilling  per  pound. 
Each  Table  extends  from  one  pound  to  100  tons  ;  to  which  are 
appended  Rules  on  Decimals,  Square  and  Cube  Root,  Mensuration 
of  Superficies  and  Solids,  &c.  ;  also  Tables  of  Weights  of  Materials, 
and  other  Useful  Memoranda.  By  Thomas  Downie.  Strongly 
bound  in  leather,  396  pp.,  price  ^s. 
"  A  most  useful  set  of  tables,  and  will  supply  a  want,  for  nothing  like  them  before 
cx\?>tcd."— Building  Nev.<s,  Dec.  8,  1876. 

"  We  have  tested  the  calculations  at  random  and  found  them  correct" — Colliery 
Guardian,  Dec.  i,  1876. 

"  Will  save  the  possessor  the  trouble  of  making  numerous  intricate  calculations. 
Although  specially  adapted  to  the  iron  and  metal  trades,  the  tables  contained  in  this 
handy  little  companion  will  be  found  useful  in  every  other  business  in  which  mer- 
chandise is  bought  and  sold  by  weight." — Railway  News,  Dec.  9,  1876. 

Sanitary  Work, 

SANITARY  WORK  IN  THE  SMALLER  TOWNS  AND 
IN  VILLAGES.  Comprising  : — I.  Some  of  the  more  Common 
Forms  of  Nuisance  and  their  Remedies  ;  2.  Drainage  ;  3.  Water 
Supply.  A  useful  book  for  Members  of  Local  Boards  and  Rural 
Sanitary  Authorities,  Health  Officers,  Engineers,  Surveyors, 
Builders,  and  Contractors.  By  Charles  Slagg,  Assoc.  Inst  C.E. 
Crown  8vo.  cloth,  price  y.  [Just published. 

*'Mr.   Slagg  has  brought  together  much  valuable  information,  and  has  a  happy 

lucidity  of  expression  ;  and  he  has  been  industrious  in  collecting  data." — A  tktfueum, 
"This  is  a  very  useful  book,  and  may  be  safely  recommended The  author, 

Mr.  Charles  Slagg,  has  had  practical  experience  in  the  works  of  which  he  treats. 

There  is  a  great  deal  oi  work  required  to  be  done  iu  the  smaller  towns  and  villages, 

and  this  little  volume  will  help  those  who  are  willing  to  do  it." — Builder. 

Steam  Engine, 

STEAM  AND  THE  STEAM  ENGINE,  Stationary  and  Port- 
able,  an  Elementary  Treatise  on.  Being  an  Extension  of  Mr. 
John  Sewell's  Treatise  on  Steam.  By  D.  Kin  near  Clark, 
C.E.,  M.I.C.E.,  Author  of  **  Railway  Locomotives,"  &c.  With 
Illustrations.  i2mo,  cloth,  4J. 
•*  Every  essential  part  of  the  subject  is  treated  of  competently,  and  in  a  popular 
style." — Iron. 
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Strains. 

THE    STRAINS    ON    STRUCTURES    OF    IRONWORK; 
with  Practical  Remarks  on  Iron  Constraction.    By  F.  W.  Sheilds, 
M.  Inst.  C.E.   Second  Edition,  with  5  plates.    Royal  8vo,  5^.  cloth. 
Contents. — Introductory  Remarks  ;  Beams  Loaded  at  Centre ;  Beams  Loaded  at 
unequal  distances  between  supports ;  Beams  uniformly  Loaded  ;  Girders  with  triangu- 
lar bracing  Loaded  at  centre ;  Ditto,  Loaded  at  unequal  distances  between  ^pports ; 
Ditto,  uniformly  Loaded;  Calculation  of  the  Strains  on  Girders  witti  triangular 
Basings ;  Cantilevers;  Continuous  Girders;  Lattice  Girders;  Girders  with  Vertical 
Struts  and  Diagonal  Ties ;  Calculation  of  the  Strains  on  Ditto ;  Bow  and  String 
Girders  ;  Girders  of  a  form  not  belonging  to  any  regiilar  figure  ;  Plate  Girders  ;  Ap- 
portionments of  Material  to  Strain ;  Comparison  of  different  Girders ;  Proportion  of 
Length  to  Depth  of  Girders  ;  Character  of  the  Work  ;  Ii:on  Roofs. 

Canstruciion  of  Iron  Beams,  Pillars,  &c, 

IRON  AND  HEAT,  Exhibiting  the  Principles  concerned  m  the 
Construction  of  Iron  Beams,  Pillars,  and  Bridge  Girders,  and  the 
Action  of  Heat  in  the  Smelting  Furnace.  By  James  Armour, 
C.E.  Woodcuts,  i2mo,  cloth  boards,  3^.  6^.  ;  doth  limp,  2J.  (xi, 
**  A  very  useful  and  thoroughly  practical  little  volume,  in  every  way  deserving  of 
^rculation  amongst  working  men." — Mining  Journal. 

**  No  ironworker  who  wishes  to  acquaint  himself  with  the  principles  of  his  own 
trade  can  afford  to  be  without  it" — South  Durham  Mercury.^ 

Power  in  Motion. 

POWER  IN  MOTION :  Horse  Power,  Motion,  Toothed  Wheel 

Gearing,   Long  and  Short  Driving  Bands,  Angular  Forces,  &c. 

By  James  Armour,  C.E.     With  73  Diagrams.      i2mD,  cloth 

boards,  31.  6^. 
"  Ntunerous  illustrations  enable  the  author  to  convey  his  meanine  as  explicitly  as 
it  is  perhaps  possible  to  be  conveyed.    The  value  of  the  theoretic  and  practical  know- 
ledge imparted  cannot  well  be  over  estimated." — Newceutle  Weekly  Chronicle. 


Metallurgy  of  Iron, 

A  TREATISE  ON  THE  METALLURGY  OF  IRON :  con- 
taining Outlines  of  the  History  of  Iron  Manufacture,  Methods  of 
Assay,  and  Analyses  of  Iron  Ores,  Processes  of  Manufacture  of 
Iron  and  Steel,  &c.  By  H.  Bauerman,  F.G.S.,  Associate  of  the 
Royal  School  of  Mines.  With  numerous  Illustrations.  Fourth 
Edition,  revised  and  much  enlarged.  i2mo,  cloth  boards,  ^s.  6d. 
"  Carefully  vrritten,  it  has  the  merit  of  brevity  and  conciseness,  as  to  less  important 

points,  while  all  material  matters  are  very   fully  and  thoroughly  entered  into." — 

Standard. 

Trigonometrical  Surveying, 

AN  OUTLINE  OF  THE  METHOD  OF  CONDUCTING  A 
TRIGONOMETRICAL  SURVEY,  for  the  Formation  of  Geo- 
graphical  and  Topog^raphical  Maps  and  ipians.  Military  Recon- 
naissance, Levelling,  &c.,  with  the  most  u;/iul  Problems  hi  Geodesy 
and  Practical  Astronomy,  and  Formulae  and  Tables  for  Facilitating 
their  Calculation,  By  Lieut-General  Frome,  R.K,  late  In- 
spector-General of  Fortifications,  &c.  Fourth  Edition,  Enlarged, 
thoroughly  Revised,  and  partly  Re-written.  By  Captain  Charles 
Warren,  R.E.,  F.G.S.  With  19  Plates  and  115  Woodcuts, 
royal  8vo,  price  I  dr.  cloth. 
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Practical  Tu7tnelling, 

PRACTICAL  TUNNELLING:  Explaining  in  detail  the  Setting 
out  of  tJie  Works,  Shaft-sinking  and  Heading-Driving,  Ranging 
the  Lines  and  Levelling  under  Ground,  Sub- Excavating,  Timbering, 
and  the  Construction  of  the  Brickwork  of  Tunnels  with  the  amount 
of  labour  required  for,  and  the  Cost  of,  the  various  portions  of  the 
work.  By  FREDERICK  Walter  Simms,  M.  Inst.,  C.E.,  author 
of  "A  Treatise  on  Levelling."  Third  Edition,  Revised  and  Ex- 
tended, with  additional  chapters  illustrating  the  Recent  Practice  of 
Tunnelling  as  exemplified  by  the  St  Gothard,  Mont  Cenis,  and 
other  modern  works,  by  D.  Kinnear  Clark,  M.  Inst.,  C.E. 
Imp.  8vo,  cloth,  with  21  Folding  Plates  and  numerous  Wood 
Engravings,  price  30J.  \3^st  published, 

"  It  is  the  only  practical  treatise  on  the  great  art  of  tunnelling.  Mr.  Clark's  work 
brings  the  exigencies  of  tunnel  enterprise  up  to  our  own  time.  The  great  length  of 
modem  tunnels  ha^  led  to  a  new  difficulty  in  the  art,  which  the  last  generation  was 
ignorant  of,  namely,  the  difficulty  of  ventilation.  In  Mr.  Clark's  supplement  we  find 
this  branch  of  the  subject  has  been  fully  considered.  Mr.  Clark's  additional  chapters 
on  the  Mont  Cenis  and  St.  Gothard  Tunnels  contain  minute  and  valuable  experiences 
and  data  relating  to  the  method  of  excavation  by  compressed  air,  the  heading 
operations,  rock-boring  machinery,  process  of  enlargement,  ventilation  in  course  of 
construction  by  compressed  air,  Ubour  and  cost,  &c." — Building  News,  Dec.  8,  1876. 

'*  The  estimation  in  which  Mr.  Simms'  book  on  tunnelling  has  been  held  for  over 
thirty  years  cannot  be  more  truly  expressed  than  in  the  wonis  of  the  late  Professor 
Rankine  : — '  The  best  source  of  information  on  the  subject  of  tunnels  is  Mr.  F.  W. 
Simms'  work  on  "Practical  Tunnelling."' — Tke Architect,  Dec.  9,  1876. 

Levelling. 

A    TREATISE  on   the  PRINCIPLES    and    PRACTICE    of 

LEVELLING ;  showing  its  Application  to  Purposes  of  Railway 

and  Civil  Engineering,  in  the  Construction  of  Roads ;  with   Mr. 

Telford*s  Rules  for  the  same.     By  Frederick  W.   Simms, 

F.G.S.,  M.  Inst.  C.E.     Sixth  Edition,  very  carefully  revised,  with 

the  addition  of  Mr.    Law's  Practical  Examples  for  Setting  out 

Railway  Curves,  and  Mr.  Trautv^^ine's  Field  Practice  of  Laying 

out  Circular  Curves.  With  7  Plates  and  numerous  Woodcuts,    8vo, 

%s,  6d.  cloth.  \*  Trautwine  on  Curves,  separate,  price  5^. 

"One  of  the  most  important  text-books  for  the  general  surveyor,  and  there  is 

scarcely  a  question  connected  with  levelling  for  which  a  solution  would  be  sought  but 

that  would  be  satisfactorily  answered  by  consulting  the  volume." — Mining-  yaumal. 

*'  The  text-book  on  levelling  in  most  of  our  engineering  schools  and  colleges." — 
Engineer. 

The  High-Pressure  Steam  Engine. 

THE  HIGH-PRESSURE  STEAM  ENGINE  ;  an  Exposition 
of  its  Comparative  Merits,  and  an  Essay  towards  an  Improved 
System  of  Construction,  adapted  especially  to  secure  Safety  and 
Economy.  By  Dr.  Ernst  Alban,  Practical  Machine  Maker, 
Plau,  Mecklenberg.  '  Translated  from  the  German,  with  Notes,  by 
Dr.  Pole,  F.R.S.,  M.  Inst.  C.E.,  &a  &c.  With  28  fine  Plates, 
8vo,  i6j.  6^.  cloth. 
*'  A  work  like  this,  which  goes  thoroughly  into  the  examination  of  the  high-pressure 

engine,  the  boiler,  and  its  appendages,  &c.,  is  exceedingly  useful,  and  deserves  a  place 

in  evciy  scientific  library.  "—j'Miwf  Skipping  Chronicle* 
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Hydraulics. 

HYDRAULIC  TABLES,  CO-EFFICIENTS,  and  FORMULAE 
for  finding  the  Discharge  ot  Water  from  Orifices,  Notches,  Weirs, 
Pipes,  and   Rivers.     With    New  Formulae,   Tables,  and  General 
Information  on  Rain-fall,  Catchment-Basins,  Drainage,  Sewerage, 
Water  Supply  for  Towns  and  Mill  Power.     By  John  Neville, 
Civil  Engineer,  M.R.I.A.      Third  Edition,  carehiUy  revised,  with 
considerable  Additions.  Numerous  Illustrations.  Cr.  8vo,  i^r.  cloth. 
"Undoubtedly  an  exceedingly  useful  and  elaborate  compilation." — Iron. 
"  Will  prove  alike  valuable  to  students  and  engineers  in  practice ;    its  study  will 
prevent  the  annoyance  of  avoidable  failures,  and  assist  them  to  select  the  readiest 
means  of  successfully  carrying  out  any  given  work  connected  with   hydraulic  en- 
gineering."— Mining  Journal, 

Strength  of  Cast  Iron,  &c. 

A  PRACTICAL  ESSAY  on  the  STRENGTH  of  CAST  IRON 
and  OTHER  METALS.  By  the  late  Thomas  Tredgold,  Mem. 
Inst  C.E.,  Author  of  "Elementary  Principles  of  Carpentry,"  &c. 
Fifth  Edition,  Edited  by  Eaton  Hodgkinson,  F.R.S.  ;  to 
which  are  added  EXPERIMENTAL  RESEARCHES  on  the 
STRENGTH  and  OTHER  PROPERTIES  of  CAST  IRON. 
By  the  Editor.  The  whole  Illustrated  with  9  Engravings  and 
numerous  Woodcuts.     8vo,  I2J.  cloth. 

%•  HODGKINSON*S     EXPERIMENTAL    RESEARCHES    ON     THE 

Strength  and  Other  Properties  of  Cast  Iron  may  be  had 
separately.    With  Engravings  and  Woodcuts.    8vo,  price  or.  clo^. 

Steam  Boilers. 

A  TREATISE  ON  STEAM  BOILERS  :  their  Strength,  Con- 
struction,  and  Economical  Working.  By  Robert  Wilson,  late 
Inspector  for  the  Manchester  Steam  Users*  Association  for  the 
Prevention  of  Steam  Boiler  Explosions,  and  for  the  Attainment  of 
Economy  in  the  Application  of  Steam.  Fourth  Edition.  i2mo, 
cloth  boards,  328  pages,  price  6j. 

*'  We  regard  Mr.  Wilson's  treatise  as  the  best  work  on  boilers  which  has  come 
under  our  notice,  and  we  consider  that  all  boiler  makers  and  boiler  owners  should 
give  it  a  place  in  their  libraries." — Engineering. 

"  The  b«st  treatise  that  has  ever  been  published  on  steam  boilers." — Engineer. 

*' A  valuable  contribution  to  the  subject  of  steam  boiler  liter&ture The 

book  is  full  of  hints  which  the  proprietor  of  a  steam  boiler  would  find  it  to  his  advan- 
tage to  know." — Iron  and  Coal  Trades  Review. 

Tables  of  Curves. 

TABLES  OF  TANGENTIAL  ANGLES  and  MULTIPLES 
for  setting  out  Curves  from  5  to  200  Radius.  By  Alexander 
Beazeley,  M.  Inst.  C.E.  Printed  on  48  Cards,  and  sold  in  a 
cloth  box,  waistcoat-pocket  size,  price  y.  6d, 

"  Each  table  is  printed  on  a  small  card,  which,  being  placed  on  the  theodolite,  leaves 
the  hands  free  to  manipulate  the  instrument — no  small  advantage  as  regards  the  rapidity 
of  work.  They  are  tlearly  printed,  and  compactly  fitt^  into  a  small  case  for  the 
pocket — an  arrangement  tliat  will  recommend  them  to  all  practical  men." — Engineer, 

*'  Very  handy  :  a  man  may  know  that  all  his  day's  work  must  fall  on  two  of  these 
cards,  which  he  puts  into  his  own  card-case,  and  leaves  the  rest  behind." — Atkenaum. 
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Earthwork, 

EARTHWORK  TABLES,  showing  the  Contents  in  Cubic  Yards 
of  Embankments,  Cuttings,  &c.,   of  Heights  or  Depths  up  to  an 
average  of  80  feet.     By  Joseph  Broadbent,  C.E.,  and  Francis 
Campin,  C.E.     Cr.  8vo,  oblong,  5^.  cloth. 
"  Creditable  to  both  the  authors  and   the  publishers.  .  .  .  The  way  in  which 
accuracy  i^  attained,  by  a  simple  division  of  each  cross  section  into  three  elements, 
two  of  which  are  constant  and  one  variable,  is  ingenious." — Athenantm, 
"  Likely  to  be  of  corsiderable  service  to  engineers." — Building  News. 
"  Cannot  fail  to  come  into  general  use." — Alininz  youmal. 

"  These  tables,  which  are  clearly  printed  and  easily  arranged  for  reference,  will  be 
found  to  facilitate  the  accurate  determination  of  the  quantities  of  earthwork  in  making 
out  estimates.  ' — English  Mecfuinic. 

Surveying  (Land  and  Marine), 

LAND  AND  MARINE  SURVEYING,  in  Reference  to  the 
Preparation  of  Plans  for  Roads  and  Railways,  Canals,  Rivers, 
Towns*  Water  Supplies,  Docks  and  Harbours  ;  with  Description 
and  Use  of  Surveying  Instruments.  By  W.  Davis  Haskoll,  C.E., 
Author  of  **  The  Engineer's  Field  Book,"  "  Examples  ol  Bridge 
and  Viaduct  Construction,"  &c.  Demy  8vo,  price  \zs,  6d,  cloth, 
with  14  folding  Plates,  and  numerous  Woodcuts. 

"  A  most  useful  and  well  arranged  book  for  the  aid  of  a  student  ....  We 
can  strongly  recommend  it  as  a  carefully-written  and  valuable  text-book." — Builder, 

"  Mr.  Haskoll  has  knowledge  and  experience,  and  can  so  give  expression  to  it  as 
to  make  any  matter  on  which  he  writes,  clear  to  the  youngest  pupil  in  a  surveyor's 
office." — Colliery  Guardian. 

*'  A  volume  which  cannot  fail  to  prove  of  the  utmost  practical  utility It 

is  one  which  may  be  safely  recommended  to  all  students  who  aspire  to  become  clean 
and  expert  surveyors." — Mining  Journal. 

Engineering  Fieldwork, 

THE  PRACTICE  OF  ENGINEERING  FIELDWORK, 
applied  to  Land  and  Hydraulic,  Hydrographic,  and  Submarine 
Surveying  and  Levelling.  Second  Edition,  revised,  with  consider- 
able additions,  and  a  Supplementary  Volume  on  WATER- 
WORKS, SEWERS,  SEWAGE,  and  IRRIGATION.  By  W. 
Davis  Haskoll,  C.E.  Numerous  folding  Plates.  Demy  Svo,  2 
vols,  in  one,  cloth  boards,  i/.  is.  (published  at  2/.  4?.) 

Minings  Surveying  and  Valuing, 

THE  MINERAL  SURVEYOR  AND  VALUER\S  COM- 
PLETE GUIDE,  comprising  a  Treatise  on  Improved  Mining 
Surveying,  with  new  Traverse  Tables  ;  and  Descriptions  of  Im- 
proved Instruments  ;  also  an  Exposition  of  the  Correct  Principles 
of  Laying  out  and  Valuing  Home  and  Foreign  Iron  and  Coal 
Mineral  Properties:  to  which  is  appended  M.  THOMAN'S  (of 
the  Credit  Mobilier,  Paris)  TREATISE  on  COMPOUND  IN- 
TEREST and  ANNUITIES,  with  LOGARITHMIC  TABLES. 
By  Wilt.iam  Lintern,  Mining  and  Civil  Engineer.  l2mo, 
strongly  bound  in  cloth  boards,  with  four  Plates  of  Diagrams, 
Plans,  &c.,  price  loj.  6^. 

"Contains  much  valuable  information  given  in  a  small  compass,  and  which,  as  far 
as  we  have  tested  it,  is  thoroughly  trustworthy." — Iron  and  Coal  Trades  Review. 

"  The  matter,  arrangement,  and  illustration  of  this  work  are  all  excellent,  and  make 
It  one  of  the  best  of  its  Vm^''— Standard. 
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Fire  EngineeHng, 

FIRES,  FIRE-ENGINES,  AND  FIRE  BRIGADES.  Witii 
a  History  of  Fire-Engines,  their  Construction,  Use,  and  Manage- 
ment ;  Remarks  on  Fire- Proof  Buildings,  and  the  Preservation  of 
Life  from  Fire ;  Statistics  of  the  Fire  Appliances  in  English 
Towns  ;  Foreign  Fire- Systems  ;  Hints  on  Fire  Brigades,  &c.,  &c 
By  Charles  F.  T.  Young,  C.E.  With  numerous  Illustrations, 
handsomely  printed,  544  pp.,  demy  8vo,  price  i/.  4J.  doth. 
"  We  can  most  heartily  commend  this  book.  ....  It  is  really  the  only  English 
work  we  now  have  upon  the  subject." — Engineering, 

'  We  strongly  recommend  the  book  to  the  notice  of  all  who  are  in  any  way  in- 
terested in  fires,  fire-engines,  or  ^e-hrxgaAes.^ —Mechanic^  Magasine, 

Manual  of  Mining  Tools, 

MINING  TOOLS.     For  the  use  of  Mine  Managers,  Agents, 
Mining  Students,  &c.     By  William  Morgans,  Lecturer  on  Prac- 
tical Mining  at  the  Bristol  School  of  Mines.     Volume  of  Text 
l2mo.    With  an  Atlas  of  Plates,  containing  235  Illustrations.    4to. 
Together,  price  9J.  cloth  boards. 
"  Students  in  the  Science  of  Mining,  and  not  only  they,  but  subordinate  officials  in 
mines,  and  even  Overmen,  Captains,  Managers,  and  Viewers  may  eain  practical 
knowledge  and  useful  hints  by  the  study  of  Mr,  Morgans'  Manual." — Colliery 
Guardian. 

**  A  very  valuable  work,  which  will  tend  materially  to  improve  our  mining  litera- 
ture.'*—ilf<>MM^  youmal. 

Gas  and  Gasworks. 

A  TREATISE  on  GASWORKS  and  the  PRACTICE  of 
MANUFACTURING  and  DISTRIBUTING  COAL  GAS. 
By  Samuel  Hughes,  C.E.  Fourth  Edition,  revised  by  W. 
Richards,  C.E.  With  68  Woodcuts,  bound  in  cloth  boards, 
l2mo,  price  41. 

Waterworks  for  Cities  and  Towns. 

WATERWORKS  for  the  SUPPLY  of  CITIES  and  TOWNS, 
■with  a  Description  of  the  Principal  Geological  Formations  of 
England  as  influencing  Supplies  of  Water.  By  Samuel  Hughes, 
F.G.S.,  Civil  Engineer.  New  and  enlarged  edition,  i2mo,  cloth 
boards,  with  numerous  Illustrations,  price  5J. 
"  One  of  the  most  convenient,  and  at  the  same  time  reliable  works  on  a  subject, 
the  vital  importance  of  which  cannot  be  over-estimated." — BracWord  Observer. 

Coal  and  Coal  Mining. 

COAL  AND  COAL  MINING :  a  Rudimentary  Treatise  on.  By 
Wabington  W.  Smyth,  M.A.,  F.R.S.,  &c..  Chief  Inspector 
of  the  Mines  of  the  Crown  and  of  the  Duchy  of  Cornwall,  New 
edition,  revised  and  corrected.  i2mo,  cloth  boards,  with  nume- 
rous Illustrations,  price'4J.  dd. 


*  Every  portion  of  the  volume  appears  to  have  been  prepared  with  much  care,  and 

an  outlme  is  given  of  every  known  coal-field  in  this  and  other  countries,  as  well  as 

of  the  two  principal  methods  of  working,  the  book  will  doubtless  interest  a  very 


large  number  of  readers." — Mining  yournal. 

*° Certainly  experimental  skill  and  rule-of-thumb  practice  would  be  greatly  en- 
riched by  the  addition  of  the  theoretical  knowledge  and  scientific  information  which 
Mr.  Warington  Smyth  communicates  in  combination  with  the  results  of  his  own  ex- 
perience and  personal  research." — Celliery  Guardian, 
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Field- Book  for  Engineers. 

THE  ENGINEER'S,  MINING  SURVEYOR'S,  and  CON- 
TRACTOR'S  FIELD-BOOK.  By  W.  Davis  Haskoll,  Civil 
Engineer.  Third  Edition,  much  enlarged,  consisting  of  a  Series 
of  Tables,  with  Rules,  Explanations  of  Systems,  and  Use  of  Theo- 
dolite for  Traverse  Surveying  and  Plotting  the  Work  vrith  minute 
accuracy  by  means  of  Straight  Edge  and  Set  Square  only ;  Levelling 
with  the  Theodolite,  Casting  out  and  Reducing  Levels  to  Datum, 
and  Plotting  Sections  in  the  ordinary  manner;  Setting  out  Curves 
with  the  Theodolite  by  Tangential  Angles  and  Multiples  with  Right 
and  Left-hand  Readings  of  the  Instrument;  Setting  out  Curves 
without  Theodolite  on  the  System  of  Tangential  Angles  by  Sets  of 
Tangents  and  Offsets ;  and  Earthwork  Tables  to  80  feet  deep,  cal- 
culated for  every  6  inches  in  depth.  With  numerous  wood-cuts, 
i2mo,  price  I2J.  cloth. 

"  A  very  useful  work  for  the  practical  engineer  and  surveyor.  Every  person 
engaged  in  engineering  field  operations  will  estimate  the  importance  of  such  a  work 
and  the  amount  of  valuable  time  which  will  be  saved  by  reference  to  a  set  of  reliable 
tables  prepared  with  the  accuracy  and  fulness  of  those  given  in  this  volume." — Rail- 
•way  Nnvs. 

"  The  book  is  very  handy,  an4.the  author  might  have  added  that  the  separate  tables 
of  sines  and  tangents  to  every  minute  will  make  it  useful  for  many  other  purposes,  the 
genuine  traverse  tables  existmg  all  the  same." — Aihenaum, 

"  The  work  forms  a  handsome  pocket  volume,  and  cannot  fail,  from  its  portability 
and  utility,  to  be  extensively  patronised  by  the  engineering  profession.'*— --Afmm^ 
youmal. 

"  We  strongly  recommend  Mr.  HaskoU's  *  Field  Book'  to  all  classes  of  surveyors.** 
— CoUirry  Guardian. 

"  We  know  of  no  better  field-book  of  reference  or  collection  of  tables  than  Mr. 
HaskoU's." — A7-iizan. 

Earthwork,  Measurement  and  Calculation  of, 

A  MANUAL  on  EARTHWORK.  By  Alex.  J.  S.  Graham, 
C.E.,  Resident  Engineer,  Forest  of  Dean  Central  Railway.  With 
numerous  Diagrams.      l8mo,  zs.  6d.  cloth. 

'*  As  a  really  handy  book  for  reference,  we  know  of  no  work  equal  to  it ;  and  the 
railway  engineers  and  others  employed  in  the  measurement  and  calculation  of  earth 
work  will  lind  a  great  amount  of  practical  information  very  admirably  arranged,  and 
available  for  general  or  rough  estimates,  as  well  as  for  the  more  exact  calculations 
required  in  the  engineers'  contractor's  offices." — Artizan. 

Harbours, 

THE  DESIGN  and  CONSTRUCTION  of  HARBOURS:  A 
Treatise  on  Maritime  Engineering.  By  Thomas  Stevenson, 
F.R.S.E.,  F.G.S.,  M.I.C.E.  Second  Edition,  containing  many 
additional  subjects,  and  otherwise  generally  extended  and  revised. 
With  20  Plates  and  numerous  Cuts.     Small  4to,  15^',  cloth. 

Mathe7natical  and  Drawing  Instruments, 

A  TREATISE  ON  THE  PRINCIPAL  MATHEMATICAL 
AND  DRAWING  INSTRUMENTS  employed  by  the  Engineer, 
Architect,  and  Surveyor.  By  Frederick  W.  Simms,  M.  Inst. 
C.E.,  Author  of  "  Practical  Tunnelling,"  &c.  Third  Edition,  with 
numerous  Cuts.      i2mo,  price  3J.  6^.  cloth. 
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Bridge  Construction  in  Masonry,  Timber,  &  Iron, 

EXAMPLES   OF  BRIDGE  AND  VIADUCT  CONSTRUC- 
TION OF  MASONRY,  TIMBER,  AND  IRON  ;  consisting  of 
46  Plates  from  the  Contract  Drawings  or  Admeasurement  of  select 
Works.     By  W.  Davis  Haskoll,  C.E.     Second  Edition,  witli 
the  addition  of  554  Estimates,  and  the  Practice  of  Setting  out  Works, 
illustrated  with  6  pages  of  Diagrams.     Imp.  4to,  price  2/.  I2s,  6d, 
half-morocco. 
"  One  of  the  very  few  works  extant  descending  to  the  level  of  ordinary  roudne,  and 
treating  on  the  common  every-day  practice  of  the  railway  engineer.  ...  A  work  of 
the  present  nature  by  a  man  of  Mr.  HaskoU's  experience,  must  prove  invaluable  to 
hundreds.    The  tables  of  estimates  appended  to  this  edition  will  considerably  enhance 
its  value." — Ensritieerintr. 

Mathematical  Instruments,  their  Construction,  &c. 

,  MATHEMATICAL  INSTRUMENTS  :  their  CONSTRUC- 
TION, ADJUSTMENT,  TESTING,  AND  USE;  comprising 
Drawing,  Measuring,  Optical,  Surveying,  and  Astronomical  Instru- 
ments. Bv  J.  F.  Heather,  M.A.,  Author  of  "Practical  Plane 
Geometry,"  "Descriptive  Geometry,"  &c.  Enlarged  Edition,  for 
the  most  part  entirely  rewritten.  With  numerous  Wood-cuts. 
I2mo,  cloth  boards,  price  5j. 

Drawing  for  Engineers^  &c. 

THE  WORKMAN'S  MANUAL  OF  ENGINEERING 
DRAWING.  By  John  Maxton,  Instructor  in  Engineering 
Drawing,  Royal  Naval  College,  Greenwich,  formerly  of  R.  S.  N.  A., 
South  Kensington.  Third  Edition,  carefully  revised.  With  upwards 
of  300  Plates  and  Diagrams.     i2mo,  cloth,  strongly  bound,  4J.  6</. 

"  Even  accomplished  drjiughtsmen  will  find  in  it  much  that  will  be  of  use  to  them. 
A  copy  of  it  should  be  kept  for  reference  in  every  drawing  office." — Engineering, 

**  Indispensable  for  teachers  of  engineering  drawing." — Mechanics*  Magazine, 

Oblique  Arches, 

A  PRACTICAL  TREATISE  ON  THE  CONSTRUCTION  of 
OBLIQUE  ARCHES.  By  John  Hart,  Third  Edition,  with 
Plates.     Imperial  8vo,  price  %s,  cloth. 

Oblique  Bridges, 

A  PRACTICAL  and  THEORETICAL  ESSAY  on  OBLIQUE 
BRIDGES,  with  13  large  folding  Plates.  By  Geo.  Watson 
Buck,  M.  Inst.  C.E,  Second  Edition,  corrected  by  W.  H. 
Barlow,  M.  Inst.  C.E.     Imperial  8vo,  I2j.  cloth. 

'•The  standard  text-book  for  all  engineers  regarding  skew  arches,  is  Mr.  Buck's 
treatise,  and  it  would  be  impossible  to  consult  a  better." — Engifieer. 

Pocket-Book  for  Marine  Engineers, 

A  POCKET  BOOK  FOR  MARINE  ENGINEERS.  Con- 
taining useful  Rules  and  Formulae  in  a  compact  form.  By  Frank 
Proctor,  A.I.N.A.  Second  Edition,  revised  and  enlarged. 
Royal  32mo,  leather,  gilt  edges,  with  strap,  price  4J. 
"We  recommend  it  to  our  readers  as  going  far  to  supply  a  long-felt  want."— 
Naval  Sciende. 

**  A  most  useful  companion  to  all  marine  engineers." — United  Service  Gazette. 
"Scarcely  anything  required  by  a  naval  engineer  appears  to  have  been  for- 
gotten.— Iron, 
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Grantham's  Iron  Ship-Building,  enlarged. 

ON  IRON  SHIP-BUILDING  ;  with  Practical  Examples  and 
Details.  Fifth  Edition.  Imp.  4to,  boards,  enlarged  from  24  to  40 
Plates  (21  quite  new),  including  the  latest  Examples.  Together 
with  separate  Text,  l2mo,  cloth  limp,  also  considerably  enlai^ged* 
By  John  Grantham,  M.  Inst.  C.E,,  &c    Price  2/.  zs,  complete. 

"  A  tborouchly  practical  work,  and  every  question  of  the  many  in  relation  to  iron 
shipping  which  admit  of  diversity  of  opinion,  or  have  various  and  conflicting  personal 
interests  attached  to  them,  is  treated  with  sober  and  impartial  wisdom  and  zood  sense. 
....  As  good  a  volume  for  the  instruction  of  the  pupil  or  student  of  iron  naval 
architecture  as  can  be  found  in  any  language." — Practical  Mechanics'  youmal. 

**A  yery  elaborate  work.^   .  It  forms  a  most  valuable  addition  to  the  history 

of  iron  shipbuilding,  while  its  having  been  prepared  by  one  who  has  made  the  subject 
his  study  for  many  years,  and  whose  qualifications  have  been  repeatedly  recognised, 
will  recommend  it  as  one  of  practical  utility  U>  all  interested  in  shipbuilding." — Army 
and  Navr  GaMeite. 

**  Mr.  Grantham's  work  is  of  great  interest.  ...  It  is  also  valuable  as  a  record 
of  the  progress  of  iron  shipbuilding.  ...  It  will,  we  are  confident,  command  an 
extensive  circulation  among  shipbuilders  in  eeneral.  .  .  .  B^r  order  of  the  Board 
of  Admiralty,  the  work  will  form  the  text-book  on  which  the  examination  in  iron  ship- 
building of  candidates  for  promotion  in  the  dockyards  will  be  mainly  based.*-- 
£M£;-inetriH£: 

l^ealis  Dictionary  of  Terms. 

A    DICTIONARY  of  TERMS  used  in  ARCHITECTURE, 
BUILDING,  ENGINEERING,  MINING,   METALLURGY, 
ARCHAEOLOGY,  the  FINE  ARTS,  &c.     By  John  Weale. 
Fifth  Edition,  revised  and  corrected  by  Robert  Hunt,  F.R.S., 
Keeper  of  Mining  Records,  Editor  of  **  Ure's  Dictionary  of  Arts," 
&c.     l2mo,  cloth  boards,  price  6x. 
*'  A  book  for  the  enlightenment  of  those  whose  memory  is  treacherous  or  education 
deficient  in  matters  scientific  and  industrial.     The  additions  made  of  modem  disco- 
veries and  knowledge  are  extensive.     The  result  is  570  pages  of  concentrated  essence 
of  elementary  knowledge,  admirably  and  systematically  arranged,  and  presented  in 
neat  and  handy  form." — Iron. 
**  The  best  small  technological  dictionary'  in  the  language." — Architect. 
**  A  comprehensive  Jind  accurate  compendium.     Author,  editor,  and  publishers  de- 
serve high  commendations  for  producing  such  a  useful  work.     We  can  warmly  recom- 
mend such  a  dictionary  as  a  standard  work  of  reference  to   our  subscribers.     Every 
ironmonger  should  procure  it — no  engineer  should  be  without  it — builders  and  archi* 
tecLs  must  admire  it — metallurgists  and  archaeologists  would  profit  by  it." — Iron- 
monger. 

"The  absolute  accuracy  of  a  work  of  this  character  can  only  be  judged  of  after 
extensive  consultation,  and  from  our  examination  it  appears  very  correct  and  very- 
complete.  "~Afm/»'^  youmal. 

"  There  is  no  need  now  to  speak  of  the  excellence  of  this  work  ;  it  received  the  ap- 
proval of  the  community  long  ago.  Edited  now  by  Mr.  Robert  Hunt,  and  published 
m  a  cheap,  handy  form,  it  wUl  be  of  the  utmost  service  as  a  book  of  reference  scarcely 
to  be  exceeded  in  value." — Scotsman. 

Steam. 

THE  SAFE  USE  OF  STEAM  :  containing:  Rules  for  Unpro- 
fessional Steam  Users.  By  an  Engineer.  Third  Edition.  i2mo» 
Sewed,  6^/. 

N.  B. — This  little  work  should  be  in  the  hands  of  every  person 
having  to  deal  with  a  Steam  Engine  of  any  kind. 
"  If  steam-users  would  but  learn  this  little  book  by  heart,  and  then  hand  it  to 
their  stokers  to  do  the  same,  and  see  that  the  latter  do  it,  boiler  explosions  would 
become  sensations  by  their  rarity." — English  Mechanic. 
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ARCHITECTURE,   &c. 

« 

Construction. 

THE   SCIENCE  of  BUILDING :   An  Elementary  Treatise  on 

the  Principles  of  Construction.     By  E.  Wyndham  Tarn,  M.A., 

Architect,    With  47  Wood  Engravings.    Demy  8vo.    Sj.  ^d.  cloth. 

•*  A  ^ery  valuable  book,  which  we  strongly  recommend  to  all  students." — Builder, 

*•  No  architectural  student  should  be  without  this  hand-book." — Architect. 

"An  able  dige:>t  of  information  which  is  only  to  be foimd  scattered  through  various 

works.  **  — Engineering^. 

Beaton  s  Pocket  Estimator. 

THE  POCKET  ESTIMATOR  FOR  THE  BUILDING 
TRADES,  being  an  easy  method  of  estimating  the  various  parts 
of  a  Building  collectively,  more  especially  applied  to  Carpenters* 
and  Joiners'  work,  priced  according  to  the  present  value  of  material 
and  labour.  By  A.  C.  Beaton,  Author  of  *  Quantities  and 
Measurements.*   33  Woodcuts.  Leather.  Waistcoat-pocket  size.  2j. 

Beaton  s  Builders^  and  Surveyors  Technical  Guide. 

THE  POCKET  TECHNICAL  GUIDE  AND  MEASURER 
FOR  BUILDERS  AND  SURVEYORS:  containing  a  Complete 
Explanation  of  the  Terms  used  in  Building  Construction,  Memo- 
randa for  Reference,  Technical  Directions  for  Measuring  Work  in 
all  the  Building  Trades,  &c.,  &c.  By  A.  C.  Beaton,  Author  of 
'Quantities  and  Measurements.*  With  19  Woodcuts.  Leather. 
Waistcoat-pocket  size.   2j. 

Villa  Architecture. 

A  HANDY  BOOK  of  VILLA  ARCHITECTURE  ;  being  a 
Series  of  Designs  for  Villa  Residences  in  various  Styles.  With 
Detailed  Specifications  and  Estimates.  By  C.  WiCKES,  Architect* 
Author  of  "  The  Spires  and  Towers  of  the  Mediaeval  Churches  of 
England,'*  &c  First  Series,  consisting  of  30  Plates  ;  Second 
Series,  31  Plates.  Complete  in  I  vol.  4to,  price  2/.  lor.  half 
morocco.  Either  Series  separate,  price  i/.  ^5.  each,  half  morocco, 
"  The  whole  of  the  designs  bear  evidence  of  their  being  the  work  of  an  artistic 

architect,  and  they  will  prove  very  valuable  and  suggestive  to  architects,  students,  axtd 

amateurs." — Building  News. 

House  Painting. 

HOUSE    PAINTING,     GRAINING,     MARBLING,     AND 
SIGN    WRITING  :    a  Practical  Manual  of.      With  9  Coloured 
Plates  of  Woods  and  Marbles,  and  nearly  150  Wood  Engravings. 
By  Ellis  A.  Davidson,  Author  of  *  Building  Constmction,' &c. 
Second  Edition,  carefully  revised.     i2mo,  6s.  cloth  boards. 
**  Many  persons  in  the  trade  may  profit  by  a  study  of  the  chapters  on  the  *  Princi- 
ples of  Decorative  Art,'  and  of  what  we  may  call  the  'lessons'  on  drawing  suitable 
for  sign  painters,  writers,  and  decorators.     These  chapters  will  be  of  considerable 
value  to  the  painter's  apprentices,  while  his  journeymen  will  certainly  be  interested  if 
not  benefited  by  their  perusal.     The  book  is  freely  illustrated,  and  has  some  coloured 
plates  of  woods  and  marbles.    It  contains  a  mass  of  information  of  use  to  the  amateur 
and  of  value  to  the  practical  man." — English  Meclianic. 

-  "  Deals  with  the  practice  of  paintmg  in  all  its  parts,  from  the  grinding  of  colours 
to  varnishing  and  gildmg." — Architect. 

**  Carefully  and  lucidly  written,  and  entirely  rdiahle." ^Builders*  Weekly  Re- 
porter. 
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A  Book  on  Building. 

A  BOOK  OX  BUILDING,  CIVIL  AND  ECCLESIASTICAL. 

By  Sir  EDMUND  Beckett,   Bart.,    LL.D.,   Q.C.„    F.R.A.S., 

Author  of  **  Clocks  and  Watches  and  Bells,'*  &c.     Crown  8vo, 

cloth,  with  Illustrations,  price  ^s.  6d. 

y  A  book  which  is  always  aniusins^  and  nearly-  always  instructive.     Sir  E.  Beckett 

will  be  read  for  the  raciness  of  his  style.    We  are  aUe  very  cordially  to  recommend 

all  persons  to  read  it  for  themselves.    The  style  throughout  is  ia  the  highest  degree 

condensed  and  epigrammatic."— 7Vm«f.  Dec.  8,  1876. 

"  We  commend  the  book  to  the  thoughtful  consideration  of  all  who  are  interested 
in  the  building  art." — Builder ,  Dec  2,  1876. 

''There  is  hardly  a  subject  connected  with  either  building  or  repairin^^  on  which 
sensiUe  and  practical  directions  will  not  be  found,  the  use  of  which  is  probably 
de»tined  to  prevent  many  an  annoyance,  disappointment,  and  unnecessary  expense. ' 
— Daily  News,  Nov.  a8,  1876. 

Architecture,  Ancient  and  Modern. 

RUDIMENTARY  ARCHITECTURE,  Ancient  and  Modem. 
Consisting  of  VITRUVIUS,  translated  by  Joseph  Gwilt, 
F.S.A.,  &c.,  with  23  fine  copper  plates;  GRECIAN  Archi- 
tecture, by  the  Earl  of  Aberdeen  ;  the  ORDERS  of 
Architecture,  by  W.  H.  Leeds,  Esq. ;  The  STYLES  of  Archi- 
tecture of  Various  Countries,  by  T.  Talbot  Bury;  The 
PRINCIPLES  of  DESIGN  in  Architecture,  by  E.  L.  Garbett. 
In  one  volume,  half-bound  (pp.  1,100),  copiously  illustrated,  I2j. 
*,♦  Sold  separ€Uely^  in  two  vols,^  as  follows — 

ANCIENT    ARCHITECTURE.      Contaming  GwUt's   Vitruvius 
and  Aberdeen's  Grecian  Architecture.     Price  61.  half 'bound. 

N.  B.—  This  is  the  only  edition  of  VITRUVIUS  procurable  at  a 
moderate  price, 

MODERN  ARCHITECTURE.   Containing  tlic  Orders,  by  Leeds ; 
The  Styles,  by  Bury ;  and  Design,  by  Garbett     dr.  half-bound. 

The  Young  Architect's  Book, 

HINTS  TO  YOUNG  ARCHITECTS.  By  George  Wight- 
WICK,  Architect,  Author  of  "  The  Palace  of  Architecture,"  &c.  &c 
New  Edition,  revised  and  enlarged.  By  G.  Huskisson  Guil- 
LAUME,  Architect.  Numerous  illustrations.  1 2mo,  cloth  boards,  4r. 
*'  Will  be  found  an  acquisition  to  pupils,  and  a  copy  ought  to  be  considered  as 
accessary  a  purchase  as  a  box  of  instruments. " — A  rchitect. 

"  Contains  a  large  amount  of  information,  which  youn^  architects  will  do  well  to 
acquire,  if  they  wish  to  succeed  in  the  everyday  work  ot  their  profession. — English 
Mechanic. 

Drawing  for  Builders  and  Students. 

PRACTICAL  RULES  ON  DRAWING  for  the  OPERATIVE 
BUILDER  and  YOUNG  STUDENT  in  ARCHITECTURE. 
By  George  Pyne,  Author  of  a  •*  Rudimentary  Treatise  on  Per- 
spective for  Beginners."    With  14  Plates,  4to,  ^s.  6d,  boards. 

Builder's  and  Contractors  Price  Book. 

LOCKWOOD  &  CO.'S  BUILDER'S  AND  CONTRACTOR'S 
PRICE  BOOK  for  1877,  containing  the  latest  prices  of  all  kmds 
of  Builders*  Materials  and  Labour,  and  of  all  Trades  connected 
with  Building,  &c.,  &c.  The  whole  revised  and  edited  by 
Francis  T.  W.  Miller,  Architect  and  Surveyor,  Fcap.  8vo, 
strongly  half-bound,  price  4J. 
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Handbook  of  Specifications. 

THE  HANDBOOK  OF  SPECIFICATIONS;  or,  Practical 
Guide  to  the  Architect,  Engineer,  Surveyor,  and  Builder,  in  drawing 
up  Specifications  and  Contracts  for  Works  and  Constructions. 
Illustrated  by  Precedents  of  Buildings  actually  executed  by  eminent 
Architects  and  Engineers.  Preceded  by  a  Preliminary  Essay,  and 
Skeletons  of  Specifications  and  Contracts,  &c,  &c  By  Professor 
Thomas  L.  Donaldson,  M.I.B.A.  With  A  Review  of  the 
Law  of  Contracts.  By  W.  Cunningham  Glen,  of  the 
Middle  Temple.  With  33  Lithographic  Plates,  2  vols.,  8vo,  2/.  2J. 
*  In  these  cwo  volumes  of  1,100  pa^es  (together),  forty-four  specifications  of  executed 
'  -       .        -  ^^^  —  ,^    .. 


works  are  given,  including  the  specihcations  for  parts  of  the  new  Houses  of  Parliament, 
by  Sir  Charles  Barry,  and  for  the  new  Royal  Exchange,  by  Mr.  Tite,  M.P. 
Donaldson's  Handbook  of  Specifications  must  be  bought  by  all  architects." — Buiider, 

Taylor  and  Cresys  Rome. 

THE  ARCHITECTURAL  ANTIQUITIES  OF  ROME.  By 
the  late  G.  L.  Taylor,  Esq.,  F.S.A.,  and  Edward  Cresy,  Esq. 
New  Edition,  thoroughly  revised,  and  supplemented  under  the 
editorial  care  of  the  Rev.  Alexander  Taylor,  M.A.  (son  of 
the  late  G.  L.  Taylor,  Esq.),  Chaplain  of  Gray's  Inn.  This  is 
the  only  book  which  gives  on  a  large  scale,  and  with  the  precision 
of  architectural  measurement,  the  principal  Monuments  of  Ancient 
Rome  in  plan,  elevation,  and  detail.  Large  folio,  with  130  Plates, 
half-bound,  price  3/.  y, 
*^j*  Originally  published  in  two  volumes,  folio,  at  18/.  I&f. 

Specifications  for  Practical  Architecture, 

SPECIFICATIONS  FOR  PRACTICAL  ARCHITECTURE ! 

A  Guide  to  the  Architect,  Engineer,  Surveyor,  and  Builder ;  with 

an  Essay  on  the  Structure  and  Science  of  Modem  Building^     By 

Frederick  Rogers,  Architect.     With  numerous  Illustrations. 

Demy  8vo,  price  151.,  cloth.     (Published  at  i/.  loj-.) 

*^  A  volume  of  specifications  of  a  practical  character  being  greatly  required,  and  the 

old  standard  work  of  Alfred  Bartholomew  bemg  out  of  print,  the  author,  on  the  basis 

of  that  work,  has  produced  the  above.    He  has  also  inserted  specifications  of  works 

that  have  been  erected  in  his  own  praaice. 

The  House-Owner^ s  Estimator, 

THE  HOUSE-OWNER'S  ESTIMATOR ;  or.  What  will  it 
Cost  to  Build,  Alter,  or  Repair?  A  Price- Book  adapted  to  the 
Use  of  Unprofessional  People  as  well  as  for  the  Architectural 
Surveyor  and  Builder.  By  the  late  James  D.  Simon,  A.R.I.B.  A. 
Edited  and  Revised  by  Francis  T.  W.  Miller,  Surveyor.  With 
numerous  Illustrations.  Second  Edition,  with  the  prices  carefully 
revised  to  1875.     Crown  8vo,  cloth,  price  3j.»6</. 

*■'  In  two  years  it  will  repay  its  cost  a- hundred  times  over." — Field. 

"  A  very  handy  book  for  those  who  want  to  know  what  a  house  will  cost  to  build, 
alter,  or  repair.'*— ^«WwA  Mechanic. 

"  Especially  valuable  to  non-professional  readers. — Mining  Journal, 

Cottages,  VillaSy  and  Country  Houses. 

DESIGNS  and  EXAMPLES  of  COTTAGES,  VILLAS,  and 
COUNTRY  HOUSES ;  being  the  Studies  of  several  eminent 
Architects  and  Builders  ;  consisting  of  Plans,  Elevations,  and  Per- 
spective Views ;  with  approximate  Estimates  of  the  Cost  of  each. 
In  4to,  with  67  plates,  price  i/.  is.  cloth. 
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CARPENTRY,  TIMBER,  MECHANICS. 

* 

TredgolcCs  Carpentry,  new  and  cheaper  Edition, 

THE  ELEMENTARY  PRINCIPLES  OF  CARPENTRY: 
a  Treatise  on  the  Pressure  and  Equilibrium  of  Timber  Framing,  the 
Resistance  of  Timber,  and  the  Construction  of  Floors,  Arches, 
Bridges,  Roofs,  Uniting  Iron  and  Stone  with  Timber,  &c.  To  which 
is  added  an  Essay  on  the  Nature  and  Properties  of  Timber,  &c, 
with  Descriptions  of  the  Kinds  of  Wood  used  in  Building  ;  also 
numerous  Tables  of  the  Scantlings  of  Timber  for  different  purposes, 
the  Specific  Gravities  of  Materials,  &c.  By  Thomas  Tredgold, 
C.E.  Edited  by  Peter  Barlow,  F.R.S.  Fifth  Edition,  cor- 
rected and  enlarged.  With  64  Plates  (i  1  of  which  now  first  appear 
in  this  edition),  Portrait  of  the  Author,  and  several  Woodcuts.  Li 
I  vol.,  4to,  published  at  2/.  2j.,  reduced  to  i/.  5^.,  cloth. 
•*' Tredgold' s  Carpentry'  ought  to  be  in  every  architect's  and  every  builder's 
library,  and  those  who  do  not  already  possess  it  ought  to  avail  themselves  of  the  new 
issue. " — Builder. 

*' A  work  whose  monumental  excellence  must  commend  it  wherever  skilful  car- 
j>entry  is  concerned.  The  Author's  principles  are  rather  confirmed  than  impaired  by 
time,  and,  as  now  presented,  combine  the  surest  base  with  the  most  interesting  display 
of  progressive  science.  The  additional  plates  are  of  great  intrinsic  value." — Building 
News. 

Grandys  Timber  Tables, 

THE   TIMBER    IMPORTER'S,    TIMBER   MERCHANTS, 

and   BUILDER'S    STANDARD   GUIDE.      By   Richard  E. 

Grandy.     Comprising  : — An  Analysis  of  Deal  Standards,   Home 

and  Foreign,  with  comparative  Values  and  Tabular  Arrangements 

for  Fixing  Nett  Landed  Cost  on  Baltic  and  North  American  Deals, 

including!  all  intermediate  Expenses,  Freight,  Insurance,  &c,  &c  ; 

together  with  Copious  Information    for  the  Retailer  and  Builder. 

Second  Edition.      Carefully  revised  and  corrected.      i2mo,  price 

3J.  (>d.  cloth. 

**  Everything  it  pretends  to  be :  built  up  gradually,  it  leads  one  from  a  forest  to  a 

treenail,  and  throws  in,  as  a  makeweight,  a  host  of  material  concerning  bricks,  columns, 

cisterns,  &c. — all  that  the  class  to  whom  it  appeals  requires." — English  Mechanic. 

'*  The  only  difficulty  we  have  is  as  to  what  is  not  in  its  pages.  What  we  have  tested 
of  the  contents,  taken  at  random,  is  in  variably  correct." — Illustrated  Builder' 5  ytncnuU. 

Tables  for  Packt7ig-Case  Makers, 

PACKING-CASE  TABLES  ;  showing  the  number  of  Superficial 
Feet  in  Boxes  or  Packing- Cases,  from  six  inches  square  and 
upwards.  Compiled  by  William  Richardson,  Accountant. 
Oblong  4to,  cloth,  price  y.  6d. 
"Will  save  much  labour  and  calculation  to  packing-case  makers  and  those  who  use 
packing-cases." — Grocer.  "  Invaluable  labour-saving  tables." — Ironmonger. 

Nicholsons  Ca^'-penters  Guide, 

THE  CARPENTER'S  NEW  GUIDE;  or,  BOOK  of  LINES 
for  CARPENTERS  :  comprising  all  the  Elementary  Principles 
essential  for  acquiring  a  knowledge  of  Carpentry.  Founded  on  the 
late  Peter  Nicholson's  standard  work.  A  new  Edition,  revised 
by  Arthur  Ashpitel,  F.S.A.,  together  with  Practical  Rules  on 
Drawing,  by  George  Pyne.     With  74  Plates,  4to,  i/.  u.  cloth. 
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Dowsing' s  Timber  Merchant's  Companion. 

THE  TIMBER  MERCHANT'S  AND  BUILDER'S  COM- 
PANION ;  containing  New  and  Copious  Tables  of  the  Reduced 
Weight  and  Measurement  of  Deals  and  Battens,  of  all  sizes,  from 
One  to  a  Thousand  Pieces,  and  the  relative  Price  that  each  size 
bears  per  Lineal  Foot  to  any  given  Price  per  Petersburgh  Standard 
Himdred ;  the  Price  per  Cube  Foot  of  Square  Timber  to  any  given 
Price  per  Load  of  50  Feet  j  the  proportionate  Value  of  Deals  and 
Battens  by  the  Standard,  to  Square  Timber  by  the  Load  of  50  Feet ; 
the  readiest  mode  of  ascertaining  the  Price  of  Scantling  per  Lineal 
Foot  of  any  size,  to  any  given  Figure  per  Cube  Foot.  Also  a 
variety  of  other  valuable  information.  By  William  Dowsing, 
Timber  Merchant.  Third  Edition,  Revised  and  Corrected.  Crown 
8vo,  y,  cloth. 

**  Everything  is  as  concise  and  clear  as  it  qan  possibly  be  made.    There  can  be  no 
dloubt  that  every  timber  merchant  and  builder  ought  to  possess  it." — Hull  Advertiser. 

Timber  Freight  Book. 

THE  TIMBER  IMPORTERS'  AND  SHIPOWNERS' 
FREIGHT  BOOK  :  Being  a  Comprehensive  Series  of  Tables  for 
the  Use  of  Timber  Importers,  Captains  of  Shij^s,  Shipbrokers, 
Builders,  and  all  Dealers  in  Wood  whatsoever.  By  William 
Richardson,  Timber  Broker.     Crown  8vo,  doth,  price  6j. 

Horton's  Measurer. 

THE  COMPLETE  MEASURER ;  setting  forth  the  Measure- 
ment of  Boards,   Glass,  &c.,  &c.  ;  Unequal-sided,   Square-sided," 
Octagonal-sided,  Round  Timber  and  Stone,  and  Standing  Timber. 
With    just   allowances  for  the  bark  in  the  respective  species  of 
trees,  and  proper  deductions  for  the  waste  in  hewing  the  trees, 
&c. ;   also  a  Table  showing  the  solidity  of   hewn  or  eight-sided 
timber,  or  of  any  octagonal-sided    column.      Compiled  for  the 
accommodation  of  Timber-growers,  Merchants,    and    Surveyors, 
Stonemasons,   Architects,   and  others.     By   Richard   Horton. 
Third  edition,  with  considerable  and  valuable  additions,    i2mo,  ' 
strongly  bound  in  leather,  5J. 
'*Not  only  are  the  best  methods  of  measurement  shown,  and  in  some  i^tances 
illustrated  by  means  of  woodcuts,  but  the  erroneous  systems  pursued  by  dishonest 
dealers  are  fully  exposed The  work  must  be  considered  to  be  a  valuable  addi- 
tion to  every  gardener's  V^xzxy.— Garden. 

Superficial  Measurement. 

THE  TRADESMAN'S  GUIDE  TO  SUPERFICIAL  MEA- 
SUREMENT.  Tables  calculated  from  i  to  200  inches  in  length, 
by  I  to  108  inches  in  breadth.  For  the  use  of  Architects,  Surveyors, 
Engineers,  Timber  Merchants,  Builders,  &c  By  James  Haw- 
kings.     Fcp.  3J.  6</.  cloth. 

Practical  Timber  Merchant. 

THE  PRACTICAL  TIMBER  MERCHANT,  being  a  Guide 
for  the  use  of  Building  Contractors,  Surveyors,  Builders,  &c., 
comprising  useful  Tables  for  all  purposes  connected  with  the 
Timber  Trade,  Marks  of  Wood,  Essay  on  the  Strength  of  Timber, 
Remarks  on  the  Growth  of  Timber,  &c.  By  W.  Richardson. 
Fcap.  8vo,  3J.  6^.,  cloth.  '        {Just  published. 
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The  Mechanu  s  WorksJwp  Companion, 

THE    OPERATIVE    MECHANIC'S    WORKSHOP    COM- 
PANION, and  THE  SCIENTIFIC  GENTLEMAN^S  PRAC- 
TICAL  ASSISTANT.     By  William  Templeton.     Twelfth 
Edition,  with  Mechanical  Tables  for  Operative  Smiths,  Millwrights, 
Engineers,  &c. ;    and  an  Extensive  Table  of  Powers  and  Roots, 
&c.,  &C.     II  Plates.     i2mo,  ^s.  bound. 
"  As  a  text-book  of  reference,  in  which  mechanical  and  commercial  demands  are 
Judiciously  met,  TErtPLETON's  Companion  stands  unrivalled." — Mechanic^ Magaxine, 
"  Admirably  adapted  to  the  wants  of  a  very  larg^e  class.     It  has  met  with  great 
success  in  the  engineering  workshop,  as  we  can  testify ;  and  there  are  a  great  many 
men  who,  in  a  great  measure,  owe  their  rise  in  life  to  this  little  work.  "* — Building  News. 

Engineers  Assistant. 

THE  ENGINEER'S,  MILLWRIGHTS,  and  MACHINISTS 
PRACTICAL  ASSISTANT  ;  comprising  a  Collection  of  Useful 
Tables,  Rules,  and  Data.     Compiled  and  Arranged,  with  Original 
Matter,  by  William  Templeton.     5th  Edition.    l8mo,  2j.  6d, 
cloth. 
"  So  much  varied  informatidh  compressed  into  so  small  a  space,  and  published  at  a 
price  which  places  it  within  the  reach  of  the  humblest  mechanic,  cannot  fail  to  com- 
mand the  sale  which  it  deserves.    With  the  utmost  confidence  we  commend  this  book 
to  the  attention  of  our  readers. — Mechanics*  Magazine.    . 

"A  more  suitable  present  to  an  apprentice  to  any  of  the  mechanical  trades  could  not 
possibly  be  xaaidc' ^Building  News. 

Designing,  Measuring,  and  Valuing. 

THE  STUDENTS  GUIDE  to  the  PRACTICE  of  MEA- 
SURING, and  VALUING  ARTIFICERS'  WORKS;  containing 
Directions  for  taking  Dimensions,  Abstracting  the  same,  and  bringing 
the  Quantities  into  Bill,  with  Tables  of  Constants,  and  copious 
Memoranda  for  the  Valuation  of  Labour  and  Materials  in  the  re- 
spective Trades  of  Bricklayer  and  Slatet,  Carpenter  and  Joiner, 
Painter  and  Glazier,  Paperhanger,  &c.  With  43  Plates  and  Wood- 
cuts. Originally  edited  by  Edward  Dobson,  Architect.  New 
•  Edition,  re-written,  with  Additions  on  Mensuration  and  Construc- 
tion, and  useful  Tables  for  facilitating  Calculations  and  Measure- 
ments.   By  E.  Wyndham  Tarn,  M.A.,  8vo,  los.  6d.  cloth. 

"  We  have  failed  to  discover  anything  connected  with  the  building  trade,  from  ex- 
cavating foundations  to  bell-hanging,  that  is  not  fully  treated  upon." — The  Artizan, 

"  Altogether  the  book  is  one  which  well  fulfils  the  promise  of  its  title-page,  and  we 
can  thoroughly  recommend  it  to  the  class  for  whose  use  it  has  been  compiled.  Mr. 
Tarn's  additions  and  revisions  have  much  increased  the  usefulness  of  the  work,  and 
have  especially  augmented  its  value  to  students." — Engineering. 

Plumbing. 

PLUMBING  ;  a  text-book  to  the  practice  of  the  art  or  craft  of  the 
plumber.  With  supplementary  chapters  upon  house-drainage,  em- 
bodying the  latest  improvements.  By  William  Paton  Buchan, 
Sanitary  Engineer.  i2mo.  cloth,  with  about  300  illustrations. 
Price  3j.  dd.  Just  published. 
"There  is  no  other  manual  in  existence  of  the  plumber's  art ;  and  the  volume  will 
be  welcomed  as  the  work  of  a  practical  master  of  his  trade." — Public  Health. 

*•  The  chapters  on  house-dramage  may  be  usefully  consulted,  not  only  by  plumbers, 
but  also  by  engineers  and  all  engaged  or  interested  in  house-building.  ' — Iron. 

**  A  book  containing  a  large  amount  of  practical  information,  put  together  in  a  very 
intelligent  manner,  by  one  who  is  well  qualified  for  the  task." — City  P\ 
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MATHEMATICS,   &c. 

Gregory  s  Practical  Mathematics. 

MATHEMATICS  for  PRACTICAL  MEN  ;  being  a  Common, 
place  Book  of  Pure  and  Mixed  Mathematics.  Designed  chiefly 
for  the  Use  of  Civil  Engineers,  Architects,  and  Surveyors.  Part  I. 
Pure  MATHEMATics—comprising  Arithmetic,  Algebra,  Geometry, 
Mensuration,  Trigonometry,  Conic  Sections,  Properties  of  Curves. 
Part  II.  Mixed  Mathematics — comprising  Mechanics  in  general, 
Statics,  Dynamics,  Hydrostatics,  Hydrodynamics,  Pneumatics, 
Mechanical  Agents,  Strength  of  Materials.  With  an  Appendix  of 
copious  Logarithmic  and  other  Tables.  By  Olinthus  Gregory, 
LL.D.,  F.R.A.S.  Enlarged  by  Henry  Law,  C.E.  4th  Edition, 
carefully  revised  and  corrected  by  J.  R.  Young,  formerly  Profes- 
sor of  Mathematics,  Belfast  College;  Author  of  "A  Course  of 
Mathematics,"  &c.     With  13  Plates.     Medium  8vo,  i/.  \s,  doth. 

"  As  a  standard  work  on  mathematics  it  has  not  "been  excelled." — Artizan. 

"  The  engineer  or  architect  will- here  find  ready  to  his  hand^^les  for  solving  nearly 
every  mathematical  difficulty  that  may  arise  in  his  practice.  The  rules  are  in  all  cases 
explained  by  means  of  examples,  in  which  every  step  of  the  process  is  clearly  worked 
out." — Butider. 

**  One  of  the  most  serviceable  books  to  the  practical  mechanics  of  the  country. 

In  the  edition  just  brought  out,  the  work  has  again  been  revised  by 

Professor  Yoimg.  He  has  modernised  the  notation  throughout,  introduced  a  few 
paragraphs  here  and  there,  and  corrected  the  numerous  t^ographical  errors  which 
have  escaped  the  eyes  of  the  former  Editor.  The  book  is  now  as  complete  as  it  is 
possible  to  make  it.  It  is  an  instructive  book  for  the  student,  and  a  Text- 
book for  him  who  having  once  mastered  the  subjects  it  treats  of,  needs  occasionally  to 
refresh  his  memory  upon  them." — Building  News. 

The  Metric  System. 

A  SERIES  OF  "METRIC  TABLES,  in  which  the  British 
Standard  Measures  and  Weights  are  compared  with  those  of  the 
Metric  System  at  present  in  use  on  the  Continent.  By  C.  H. 
DowLiNG,  C.  E.  Second  Edition,  revised  and  enlarged.  8vo, 
loj.  (>d.  strongly  bound. 

'•  Mr.  Bowling's  Tables,  which  are  well  put  together,  come  just  in  time  as  a  ready 
reckoner  for  the  conversion  of  one  system  into  the  other." — Atherueum. 

"Their  accuracy  has  been  certified  by  Prof.  Airy,  Astronomer- Royal. '*—5*««Vd?'rr. 

*'  Resolution  8. — ^That  advantage  will  be  derived  from  the  recent  publication  of 
Metric  Tables,  by  C.  H.  Dowling,  Z.^:*— Report  of  Section  F^  Brit.  Assoc,  Bath. 

Comprehensive  Weight  Calculator. 

THE  WEIGHT  CALCULATOR;  being  a  Series  of  Tables 
upon  a  New  and  Comprehensive  Plan,  exhibiting  at  one  Reference 
the  exact  Value  of  any  Weight  from  lib.  to  15  tons,  at  300  Pro- 
gressive Rates,  from  i  Penny  to  168  Shillings  per  cwt.,  and  con- 
taining 186,000  Direct  Answers,  which  with  their  Combinations, 
consisting  of  a  single  addition  (mostly  to  be  performed  at  sight), 
will  afford  an  aggregate  of  10,266,000  Answers  ;  the  whole  being 
calculated  and  designed  to  ensure  Correctness  and  promote 
Despatch.  By  Henrv  Harben,  Accountant,  Sheffield,  Author 
of  *The  Discount  Guide.'  An  entirely  New  Edition,  carefully 
revised.     Royal  8vo,  strongly  half-bound,  30J.        \Jt*st  Published. 
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Comprehensive  Discount  Guide. 

THE  DISCOUNT  GUIDE  :  comprising  several  Series  of  Tables 
for  the  use  of  Merchants,  Manufacturers,  Ironmongers,  and  others, 
by  which  may  be  ascertained  the  exact  profit  arising  from  any  mode 
of  using  Discounts,  either  in  the  Purchase  or  Sale  of  Goods,  and 
the  method  of  either  Altering  a  Rate  of  Discount,  or  Advancing  a 
Price,  so  as  to  produce,  by  one  operation,  a  sum  that  will  realise 
any  required  profit  after  allowing  one  or  more  Discounts :  to  which 
are  added  Tables  of  Profit  or  Advance  from  i J  to  90  per  cent. 
Tables  of  Discount  from  i^  to  98!  per  cent.,  and  Tables  of  Commis- 
sion, &C.,  from  \  to  10  per  cent.  By  Henry  Harben,  Accountant, 
Author  of  •*  The  Weight  Calculator."  New  Edition,  carefaUy  Re- 
vised and  Corrected.  In  a  handsome  demy  8vo.  volume  (544  pp.)> 
strongly  and  elegantly  half-bound,  price  ;^i  5^.         \jf^t  published. 

InwoocTs  Tables,  greatly  enlarged  and  improved. 

TABLES  FOR  THE  PURCHASING  of  ESTATES,  Frediold, 
Copyhold,  or  Leasehold;  Annuities,  Advowsons,  &c,  and  for  the 
Renewing  of  Leases  held  under  Cathedral  Churches,  Colleges,  or 
other  corporate  bodies;  for  Terms  of  Years  certain,  and  for  Lives  ; 
also  for  Valuing  Reversionary  Estates,  Deferred  Annuities,  Next 
Presentations,  &c.,  together  with  Smart's  Five  Tables  of  Compound 
Interest,  and  an  Extension  of  the  same  to  Lower  and  Intermediate 
Rates.    By  William  Inwood,  Architect    The  20th  edition,  with 
.    considerable  additions,  and  new  and  valuable  Tables  of  Logarithms 
for  the  more  Difficult  Computations  of  the  Interest  of  Money,  Dis- 
count, Annuities,  &c,  by  M.  FisBOR  Thoman,   of  the  Sod^t^ 
Credit  Mobilier  of  Paris.     i2mo,  %s.  cloth. 
"  Those  interest^  in  the  purchase  and  sale  of  estates,  and  m  the  adjustment  of 
compensation  cases,  as  well  as  in  transactions  in  annuities,  life  insurances,  &c.,  wUl 
find  the  present  edition  of  eminent  service." — Engttuering. 

"  '  Inwood's  Tables'  still  maintain  a  most  enviaUe  reputation.  The  new  issue  has  been 
enriched  by  large  additional  contributions  by  M.  F^dor  Thoman,  whose  carefully 
arranged  Tables  of  Logarithms  for  the  more  Difficult  Computations  of  the  Interest  of 
Money,  Discount,  Annuities,  &c.,  cannot  fail  to  be  of  the  utmost  utility."— AfiW«tg- 
youmal. 

Geometry  for  the  Architect,  Engineer,  &c, 

PRACTICAL  GEOMETRY,  for  the  Architect,  Engineer,  and 
Mechanic  j  giving  Rules  for  the  Delineation  and  Application  of 
various  Geometrical  Lines,  Figures  and  Curves.    By  E.  W.  Tarn, 
M.A.,   Architect,    Author  of   "  The  Science  of  Building,"  &c. 
With  164  Illustrations.     Demy  8vo.     \7s.  (>d. 
"  No  book  with  the  same  objects  in  view  has  ever  been  published  in  which  the 
clearness  of  the  rules  laid  down  and  the  illustrative  diagrams  have  been  so  satis- 
factory. ** — Scotsman. 

Compound  Interest  and  Annuities, 

THEORY  of  COMPOUND  INTEREST  and  ANNUITIES  ; 
with  Tables  of  Logarithms  for  the  more  Difficult  Computations  of 
Interest,  Discount,  Annuities,  &c.,  in  all  their  Applications  and. 
Uses  for  Mercantile  and  State  Purposes.  With  an  elaborate  Intro- 
duction. By  FfeDOR  Thoman,  of  the  Societe  Credit  Mobilier, 
Paris.  i2mo,  cloth,  5j. 
**  a  very  powerful  work,  and  the  Author  has  a  very  remarkable  command  of  his 
subjeet." — Professor  A.  de  Morgan. 

'*  We  recommend  it  to  the  notice  of  actuaries  and  acconntants^^^AtA^tugum, 
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The  Military  Sciences. 

AIDE-MEMOIRE  to  the  MILITARY  SCIENCES.     Framed 
from  Contributions  df  Officers  and  others  connected  with  the  dif- 
ferent Services.     Originally  edited  by  a  Committee  of  the  Corps  of 
Royal  Engineers.     Second  Edition,  most  carefully  revised  by  an 
Officer  of  the  Corps,  with  many  additions ;  containing  nearly  350 
Engravings  and  many  hundred  Woodcuts.     3  vols,  royal  8vo,  extra 
cloUi  boards,  and  lettered,  price  4/.  \os. 
**  A  compendious  encyclopaedia  of  militarjf  knowledge." — Edinburgh  Review. 
**  The  most  comprehensive  work  of  reference  to  the  military  and  collateral  sciences." 
— Volunteer  Service  Gazette, 


Field  Fortification. 


A  TREATISE  on  FIELD  FORTIFICATION,  the  ATTACK 

.    of   FORTRESSES,   MILITARY     MINING,    and    RECON- 

/     NOITRING.     By  Colonel  I.   S.   Macaulay,  late  Professor  of 

Fortification  in  the  R.  M.  A.,  Woolwich.     Sixth  Edition,  crown 

8vo,  cloth,  widi  separate  Atlas  of  12  Plates,  price  \zs,  complete. 

Field  Fortification. 

HANDBOOK  OF  FIELD  FORTIFICATION,  intended  for 
the  Guidance  of  Officers  preparing  for  Promotion,  and  especially 
adapted  to  the  requirements  of '  Beginners.  By  Major  W.  W. 
Knollys,  F.R.G.S.,  93rd  Sutherland  Highlanders,  &c.  With 
163  Woodcuts.     Crown  8vo,  3^.  6</.  cloth. 

Storms. 

STORMS :  their  Nature^  Classification,  and  Laws,  with  the 
Means  of  Predicting  them  by  their  Embodiments,  the  Clouds. 
By  William  Blasius.  With  Coloured  Plates  and  numerous 
Wood  Engravings.     Crown  8vo,  icxr.  dd.  cloth  boards. 

Light-Houses. 

EUROPEAN  LIGHT-HOUSE  SYSTEMS  ;  being  a  Report  of 
a  Tour  of  Inspection  made  in  1873.  ^Y  Major  George  H. 
Elliot,  Corps  of  Engineers,  U.S.A.  Illustrated  by  51  En- 
gravings and  31  Woodcuts  in  the  Text.     8vo,  2IJ.  cloth. 

Dye-  Wares  and  Colours. 

THE  MANUAL  of  COLOURS  and  DYE-WARES:  their 
Properties,  Applications,  Valuation,  Impurities,  and  Sophistications. 
For  the  Use  of  Dyers,  Printers,  Dry  Salters,  Brokers,  &c.  By  J. 
W.  Slater.     Post  8vo,  cloth,  price  yj.  dd, 

"A  complete  encyclopaedia  of  the  materia  tinctoria.  The  information  given 
respecting  each  article  is  full  and  precise,  and"  the  methods  of  determinmg  the  value 
of  articles  such  as  these,  so  liable  to  sophistication,  are  given  with  clearness,  and  are 
practical  as  well  as  valuable." — Chemist  and  Druggist, 
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Electricity. 

A  MANUAL  of  ELECTRICITY ;  including  Galvanism,  Mag. 

netism,  Diamagnetism,  Electro-Dynamics,  Magno- Electricity,  and 

the  Electric  Telegraph.     By  Henry  M.  Noad,  Ph.D.,  F.C.S., 

Lecturer  on  Chemistry  at  St  George's  Hospital.     Fourth  Edition, 

entirely  rewritten.    Illustrated  by  500  Woodcuts.   8vo,  i/.  4r.  cloth. 

"  The  commendations  already  bestowed  in  the  pases  of  the  Lancet  on  the  foimcr 

editions  of  this  work  are  more  than  ever  merited  by  me  present.    The  accoimte  given 

of  electricity  and  galvanism  are  not  only  complete  m  a  scientific  sense,  but,  which  is  a 

rarer  thing,  are  popular  and  interesting." — Lancet. 

Text-Book  of  Electricity. 

THE  STUDENT'S  TEXT-BOOK  OF  ELECTRICITY.  By 
Henry  M.  Noad,  Ph.D.,  lecturer  on  Chemistry  at  St.  George's 
Hospital.  New  Edition,  revised  and  enlarged,  with  additions  on 
Telegraphy,  by  G.  E.  Preece,  Esq.     Upwards  of  400  Illuswations. 

{In  Preparation, 

Rudimentary  Magnetism. 

RUDIMENTARY  MAGNETISM :  being  a  concise  expositi^ 
of  the  general  principles  of  Magnetical  Science,  and  the  purpose 
to  which  it  has  been  applied.  By  Sir  W.  Snow  Harris,  F.R.S.> 
New  and  enlarged  Edition,  with  considerable  additions  by  Dr. 
Noad,  Ph.D.  With  165  Woodcuts.  i2mo,  doth,  4r.  (>d. 
**  As  concise  and  ludd  an  exposition  of  the  phenomena  of  magnetism  as  we  beliert 
itboossible  to  write." — Erti^ish  Mechanic. 

*'  Not  only  will  the  scientific  student  find  this  volume  an  invaluable  book  of  refer- 
ence,  but  the  general  reader  will  find  ip  it  as  much  to  interest  as  to  inform  his  mind. 
Though  a  strictly  scientific  work,  its  subject  is  handled  in  a  simple  and  readable 
tltyi^^— Illustrated  Review. 

**  There  is  a  eood  index,  and  this  volume  of  4x9  pages  may  be  considered  the  best 
possible  manusd  on  the  subject  of  xaaigjxe.rasxD^**— Mechanic^  Magazine. 

Chemical  Analysis. 

THE  COMMERCIAL  HANDBOOK  of  CHEMICAL  ANA- 
LYSIS ;  or  Practical  Instructions  for  the  determination  of  the  In- 
trinsic or  Commercial  Value  of  Substances  used  in  Manufactures, 
in  Trades,  and  in  the  Arts.    By  A.  Normandy,  Author  of  '*  Prac- 
tical Introduction  to   Rose's  Chemistry,"   and  Editor  of  Rose*s 
"  Treatise  on  Chemical  Analysis."    Neiv Edition,     Enlarged,  and 
to  a  great  extent  re-written,  by  Henry  M.  Noad,  Ph.  D.,  F.R.S. 
With  numerous  Illustrations.    Cr.  8vo,  I2J.  (id.  cloth. 
"  We  recommend  this  book  to  the  careful  perusal  of  every  one ;  it  may  be  truly 
affirmed  to  be  of  universal  interest,  and  we  strongly  recommend  it  to  our  readers  as  a 
guide^  alike  indispensable  to  the  housewife  as  to  the  pharmaceutical  practitioner."— 
Medical  Times. 

*'  Will  be  found  to  be  essential  to  the  analysts  appointed  under  the  new  Act.  .  .  . 
In  all  cases  the  most  recent  results  are  given,  and  the  work  is  well  edited  and  care- 
fully written." — Nature. 

Mollusca. 

A  MANUAL  OF  THE  MOLLUSCA  ;  being  a  Treatise  on 
Recent  and  Fossil  Shells.  By  Dr.  S.  P.  Woodward,  A.L.S. 
With  Appendix  by  Ralph  Tate,  A.L.S.  F.G.S.  With  numer- 
ous Plates  and  300  Woodcuts.     Third  Edition.  Crown  8vo,  7/.  6rf. 

cloth  gilt. 
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Clocks,  Watches^  and  Bells. 

RUDIMENTARY  TREATISE  on  CLOCKS,  and  WATCHES, 
and  BELLS.  By  Sir  Edmund  Beckett,  Bart,  (late  E.  B. 
Denison),  LL.p.,  Q.C.,  F.R.A.S.,  Author  of  **  Astronomy  with- 
out Mathematics,"  &c.  Sixth  edition,  thoroughly  revised  and 
enlarged,  with  numerous  Illustrations.  Limp  cloth  (No.  67, 
Weale's  Series),  4?.  6^.;  cloth  boards,  5j.  (>d. 

"As  a  popular,  and,  at  the  same  time,  practical  treatise  on  clocks  and  bells,  it  is 
unapproached  '*— 'English  Mechanic. 

"  The  best  work  on  the  subject  probably  extant  ...  So  far  as  we  know  it  has 
no  competitor  worthy  of  the  name.  The  treatise  on  bells  is  undoubtedly  the  best  in 
the  language.  ^  It  shows  that  the  author  has  contributed  very  much  to  their  moder» 
improvement,  if  indeed  he  has  not  revived  this  art,  which  was  decaying  here  .  .  . 
To  call  it  a  rudimentary  treatise  is  a  misnomer,  at  least  as  respects  clocks  and  bells. 
It  is  something  more.  It  is  the  most  important  work  of  its  kind  in  English^" — 
J£ngineering. 

"The  only  modem  IreaXx&e  on  c\o<^i-mz\C\riz" —Horoiogical yournal. 

**  Without  having  any  special  interest  in  the  subject,  and  even  without  possessing 
any  general  aptitude  for  mechanical  studies,  a  reader  must  be  very  unintelligent  who 
cannot  find  matter  to  engage  his  attention  in  this  work.  The  little  book  now 
appears  revised  and  enlarged,  being  one  of  the  most  praiseworthy  volumes  in 
Weale*s  admirable  scientific  and  educational  series." — Daily  Telegraph, 

*' We  do  not  know  whether  to  wonder  most  at  the  extraordinary  cheapness  of  this 
admirable  treatise  on  clocks,  by  the  most  able  authority  on  such  a  subject,  or  the 
thorough  completeness  of  his  work  even  to  the  minutest  details.  The  chapter  on  bells  is 
singular  and  amusing,  and  will  be  a  real  treat  even  to  the  uninitiated  general  reader. 
The  illustrations,  notes,  and  indices,  make  the  work  completely  perfect  of  its  kind." — 
Standard. 

"There  is  probably  no  Ixiok  in  the  English  language  on  a  technical  subject  so 
easy  to  read,  and  to  read  through,  as  the  treatise  on  clocks,  watches,  and  bells, 
written  by  the  eminent  Parliamentary  Counsel,  Mr.  £.  B.  Denison — now  Sir  Edmund 
\^  Beckett,  "^^xt,'* —Architect. 

\      Science  and  Scripture. 

\  SCIENCE  ELUCIDATIVE  OF  SCRIPTURE,    AND   NOT 
ANTAGONISTIC   TO   IT  ;    being  a   Series  of  Essays  on— i. 

*  Alleged  Discrepancies ;    2.    The   Theory  of  the  Geologists  and 

*  Figure  of  the  Earth ;  3.  The  Mosaic  Cosmogony ;  4.  Miracles  in 
j  general — Views  of  Hume  and  Powell ;  5.  The  Miracle  of  Joshua — 
I  Views  of  Dr.  Colenso :  The  Supematurally  Impossible  ;  6.  The 
\  Age  of  the  Fixed  Stars — their  Distances  and  Masses.    By  Professor 

J.  R.  Young,  Author  of  "  A  Course  of  Elementary  Mathematics," 
&c.  &c.     Fcap.  8vo,  price  5j.  cloth  lettered. 

"  Professor  Young's  examinadon  of  the  early  verses  of  Genesis,  in  connection  with 
!      modem  scientific  hypotheses,  is  excellent." — English  Churchman. 

**  Distinguished  by  the  true  spirit  of  scientific  inquiry,  by  great  knowledge,  by  keen 
logical  abihty,  and  by  a  style  peculiarly  clear,  easy,  and  energetic." — Nonconformist, 
>  **  No  one  can  rise  from  its  perusal  without  being  impressed  with  a  sense  of  the  sin- 

gular weakness  of  modem  scepticism.  "-~i7a//Ar^  Magazine. 
'  "  A  valuable  contribution  to  controversial  theological  literature." — City  Press, 

Practical  Philosophy. 

A  SYNOPSIS  of  PRACTICAL  PHILOSOPHY.  By  the  Rev. 
John  Carr,  M.  A.,  late  Fellow  of  Trin.  Coll.,  Cambridge.  Second 
Edition.     i8mo,  51.  cloth. 
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Dr.  Lardners  Museum  of  Science  and  Art. 

THE  MUSEUM  OF  SCIENCE  AND  ART.  Edited  by 
DiONYSius  Lardner,  D.C.L.,  formerly  Professor  of  Natural  Phi- 
losophy and  Astronomy  in  University  College,  London.  Contents  : 
The  Planets  ;  are  they  inhabited  Worlds  ? — Weather  Prognostics — 
Popular  Fallacies  in  Questions  of  Physical  Science — Latitudes  and 
Longitudes — Lunar  Influences — Meteoric  Stones  and  Shooting 
Stars  —  Railway  Accidents  —  Light — Common  Things  :  Air — 
Locomotion  in  the  United  States — Cometary  Influences — Common 
Things  :  Water — The  Potter's  Art — Common  Things :  Fire- 
Locomotion  and  Transport,  their  Influence  and  Progress — The 
Moon — Common  Things  ;  the  Earth — The  Electric  Telegraph — 
Terrestrial  Heat — The  Sun — Earthquakes  and  Volcanoes — Baro- 
meter, Safety  Lamp,  and  Whitworth's  Micrometric  Apparatus — 
Steam— The  Steam  Engine— The  Eye— The  Atmosphere — Time 
— Common  Things  :  Pumps — Common  Things  :  Spectacles,  the 
Kaleidoscope— Clocks  and  Watches— Microscopic  Drawing  and 
Engraving — Locomotive — Thermometer — New  Planets  :  Lever- 
rier  and  Adams's  Planet — Magnitude  and  Minuteness — Common 
Things  :  the  Almanack— Optical  Images — How  to  observe  the 
Heavens — Common  Things  :  the  Looking-glass — Stellar  Universe 
— The  Tides  —  Colour  —  Common  Things  :  Man  —  Magnifying 
Glasses — Instinct  and  Intelligence — The  Solar  Microscope — The 
Camera  Lucida — The  Magic  Lantern — The  Camera  Obscura — 
The  Microscope — The  White  Ants  :  their  Manners  and  Habits — 
The  Surface  of  the  Earth,  or  First  Notions  of  Geography— Science 
and  Poetry — The  Bee  —  Steam  Navigation  —  Electro- Motive 
Power— Thunder,  Lightning,  and  the  Aurora  Borealis — ^The 
Printing  Press— The  Crust  of  the  Earth— Comets— The  Stereo- 
scope—The Pre-Adamite  Earth — Eclipses — Soxmd.  With  up- 
wards of  1 200  Engravings  on  Wood.  In  6  Double  Volumes. 
Price  ;^i  IJ.,  in  a  new  and  elegant  cloth  binding,  or  handsomely 
bound  in  half  morocco,  3IJ.  6^. 

"The  *  Museum  of  Science  and  Art'  is  the  most  valuable  contribution  that  has 
ever  been  made  to  the  Scientific  Instruction  of  every  class  of  society." — Sir  David 
Bre^vster  in  the  North  British  Re7>ieiv. 

"Whether  we  consider  the  liberality  and  beauty  of  the  illustrations,  the  charm  of 
the  writing,  or  the  durable  interest  of  the  matter,  we  must  express  our  belief  that 
there  is  hardly  to  be  found  among  the  new  books,  one  that  would  be  welcomed  by 
people  of  so  many  ages  and  classes  as  a  valuable  present," — Examiner. 

*•*   Separate  books  formed  from  the  above,  suitable  for  WorkmetCs 
Libraries,  Science  Classes,  6^c. 

Common  Things  Explained.     With  233  Illustrations,  5j.  cloth. 
The  Electric  Telegraph  Popularized.  100  Illustrations,  ix.  6^.  cloth. 
The  Microscope.     With  147  Illustrations,  2j.  cloth. 
Popular  Geology.     With  201  Illustrations,  2s,  6d,  cloth. 
Popular  Physics.     With  85  Illustrations.     2s.  6d,  cloth. 
Popular  Astronomy.     With  182  Illustrations,  4r.  6d.  cloth. 
Steam  and  its  Uses.     With  89  Illustrations,  2s.  cloth. 
The  Bee  and  White  Ants.     With  135  Illustrations,  2j.,  cloth. 
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DR.   LARDNER'S   SCIENTIFIC   HANDBOOKS. 


Astronomy, 

THE    HANDBOOK    OF    ASTRONOMY.      By  Dionysius 
Lardner,  D.C.L.,  formerly  Professor  of  Natural  Philosophy  and 
Astronomy  in  University  College,  London.    Fourth  Edition.  Re- 
vised and  Edited  by  Edwin  Dunkin,  F.R.S.,  Superintendent 
of   the  Altazimuth  Department,  Royal  Observatory,   Greenwich. 
With  38  plates  and  upwards  of  100  Woodcuts.     In  one  thick  voL, 
Crown  8vo,  price  9^.  6^.  cloth. 
**  Probably  no  other  book  contains  the  same  amount  of  information  in  so  com- 
pendious and  well-arranged  a   form— certainly  none  at  the  price  at  which  this  is 
offered. " — Alhetueum. 

"  A  trustworthy  and  valuable  guide  to  the  study  of  astronomy."— -Ewf/wA  Mechanic. 

Optics, 

THE  HANDBOOK  OF  OPTICS.  New  Edition.  Edited  by 
T.  Olver  Harding,  B.  A.  Lond.,  of  University  College,  London. 
With  298  Illustrations.     Small  8vo,  cloth,  448  pages,  price  5j. 

Electricity. 

THE  HANDBOOK  of  ELECTRICITY,  MAGNETISM,  and 

ACOUSTICS.     New  Edition      Edited  by  Geo.  Carey  Foster, 

B.  A.,  F.C.S.    With  400  Illustrations.     Small  8vo,  cloth,  price  5s. 

**  The  book  could  not  have  been  entrusted  to  any  one  better  calculated  to  preserve 

the  terse  and  lucid  style  of  Lardner.  while  correcting  his  errors  and  bringing  up  his 

work  to  the  present  state  of  scientific  knowledge." — Po^ttlar  Science  Review. 

Mechanics. 

THE  HANDBOOK  OF  MECHANICS.  Revised  and  en- 
larged by  B.  LoEWY,  F.R.A.S.  [In  preparation. 

Hydrostatics. 

THE  HANDBOOK  of  HYDROSTATICS  and  PNEUMATICS. 
New  Edition,  Revised  and  Enlarged  by  Benjamin  Loewy, 
r.R.A.S.     With  numerous  Illustrations.     5 J.         \yust  published. 

Heat. 

THE  HANDBOOK  OF  HEAT.  New  Edition,  Re-written  and 
Enlarged.     By  Benjamin  Loewy,  F.R.A.S.    ^s.      [Just  Ready. 

Animal  Physics. 

THE  HANDBOOK  OF  ANIMAL  PHYSICS.  With  520 
Ulastrations.     New  edition,  small  8vo,  cloth,  *is,  6d.  732  pages. 

Electric  Telegraph. 

THE    ELECTRIC   TELEGRAPH.      New  Edition.      Revised 
and  Re-written  by  E.  B.  Bright,  F.R.A.S.     140  Illustrations. 
Small  8vo,  2s.  6d.  cloth. 
«  One  of  tbfe  most  readable  books  extant  on  the  Electric  TeIegTaph."'-^fl!r.  Mechanic. 


NATURAL  PHILOSOPHY  FOR  SCHOOLS.    By  Dr.  Lardner. 
328  Illustrations.     Fifth  Edition.     I  vol  zs.  6d.  cloth. 
"  Conveys,  ui  clear  and  precise  terni^  general  notions  of  all  the  principal  divisions 
of  Physical  Science."— -ffn^irA  Quarterly  Review. 

ANIMAL  PHYSIOLOGY  FOR  SCHOOLS.     By  Dr.  Lardner. 
With  190  Illustrations.     Second  Edition,     i  vol.  3J.  6d.  cloth. 
"Qearly  written, well  arranged,  and  excellently  illustnited.''--<(;0nir«#rx'CAfVi»iic/t. 
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Geology  and  Genesis  Harmonised. 

THE  TWIN  RECORDS  of  CREATION;  or,  Geol<^y  and 
Genesis,  their  Perfect  Harmony  and  Wonderful  Concord.  By 
George  W.  Victor  Le  Vaux,  With  numerous  Illustrations. 
Fcap.  8vo,  price  5^.  cloth. 
*'  We  can  recommend  Mr.  Le  Vaux  as  an  able  and  interesting  guide  to  a  popular 
appreciation  of  geological  science." — Spectator. 

"The  author  combines  an  unbounded  admiration  of  sdence  with  an  unbounded 
admiration  of  the  Written  Record." — London  Review. 

Geology,  Physical. 

PHYSICAL  GEOLOGY.  (Partly  based  on  Major-General 
Portlock's  Rudiments  of  Geology.)  By  Ralph  Tate,  A.L.S., 
F.G.S.     Numerous  Woodcuts.     i2mo,  2s, 

Geology^  Historical. 

HISTORICAL  GEOLOGY.  (Partly  based  on  Major-General 
Portlock's  Rudiments  of  Geology.)  By  Ralph  Tate,  A.L.S., 
F.G.S.     Numerous  Woodcuts.     i2mo,  zr.  6^. 

%*  Or  Physical  and  Historical  Geology,  bound  in  One 
Volume^  price  ^s, 

Wood-Carving. 

INSTRUCTIONS  in  WOOD-CARVING,  for  Amateurs;  with 
Hints  on  Design.     By  A  Lady.     In  emblematic  wrapper,  hand- 
somely printed,  With  Ten  large  Plates,  price  2J.  dflT. 
"  The  handicraft  of  the  wood-carver,  so  well  as  a  book  can  impart  it,  may  be  learnt 
from  *  A  Lady's  *  publication." — Athemeum. 

*'  A  real  practical  guide.     It  is  very  complete."— Z.ji^^njjy  Churchman. 
"  The  directions  given  are  plain  and  easdy  understood,  and  it  forms  a  very  good 
introduction  to  the  practical  part  of  the  carver's  art." — English  Mechanic. 

Popular  Work  on  Painting. 

PAINTING    POPULARLY    EXPLAINED;    with    Historical 

Sketches  of  the  Progress  of  the  Art    By  Thomas  John  Gullick, 

Painter,  and  John  Times,  F.S.A.     Second  Edition,  revised  and 

enlarged.    With  Frontispiece  and  Vignette.    In  small  8vo,  61.  cloth. 

%*  This  Work  has  been  adopted  as  a  Prize-book  in  the  Schools  of 

Art  at  South  Kensington, 

"  A  work  that  may  be  advantageously  consulted.    Much  may  be  learned,  even  by 

those  who  fancy  they  do  not  require  to  be  taught,  from  the  careful  perusal  of  this 

unpretending  but  comprehensive  treatise. " — A  rt  journal. 

'*  A  valuable  book,  which  supplies  a  want.  It  contains  a  laive  amount  of  original 
matter,  agreeably  conveyed,  ana  will  be  found  of  value,  as  well  by  the  young  artist 
seeking  information  as  by  the  general  reader.  We  give  a  cordial  wdcome  to  the  book, 
and  augur  for  it  an  increasuig  reputation." — Builder. 

Grammar  of  Colouring. 

A  GRAMMAR  OF  COLOURING,  appUed  to  Decorative 
Painting  and  the  Arts.  By  George  Field.  New  edition,  en- 
larged and  adapted  to  the  use  of  the  Ornamental  Painter  and 
Designer,  by  Ellis  A.  Davidson.  With  new  Coloured  Diagrams 
and  numerous  Engravings  on  Wood.     i2mo,  3J.  cloth  boards. 

**One  of  the  most  useful  of  student's  books,  and  probably  the  best  known  of  the 
few  we  have  on  the  subject." — Architect.  ^    . 

"  The  book  is  a  most  useful  risutni  of  the  properties  of  pigments." — Builder. 

*'  This  treatise  forms  a  most  valuable  vade  mecum  for  the  ornamental  painter  and 
designer. " — Seetsman. 
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Delamotte^s  Works  on  Illumination  &  Alphabets. 

A  PRIMER  OF  THE  ART  OF  ILLUMINATION ;  for  the 
use  of  Beginners :  with  a  Rudimentary  Treatise  on  the  Art,  Prac- 
tical Directions  for  its  Exercise,  and  numerous  Examples  taken 
from  Illuminated  MSS.,  printed  in  Gold  and  Colours.  By  F.  Dela- 
MOTTE.     Small  4to,  price  9J.    Elegantly  bound,  cloth  antique. 

"  A  handy  book,  beautifully  illustrated  ;  the  text  of  which  is  well  written,  and  cal- 
culated to  be  useful  .  .  .  The  examples  of  ancient  MSS.  recommended  to  the  student, 
which,  with  much  good  sense,  the  author  chooses  from  collections  accessible  to  all,  are 
selected  with  judgment  and  knowledge,  as  well  as  taste." — Athetueum, 

ORNAMENTAL  ALPHABETS,  ANCIENT  and  MEDIAEVAL ; 
from  the  Eighth  Century,  with  Numerals  ;  including  Gothic, 
Church-Text,  large  and  small,  German,  Italian,  Arabesque,  Initials 
for  Illumination,  Monograms,  Crosses,  &c.  &c.,  for  the  use  of 
Architectural  and  Engineering  Draughtsmen,  Missal  Painters, 
Masons,  Decorative  Painters,  Lithographers,  Engravers,  Carvers, 
&c.  &c.  &c.  Collected  and  engraved  by  F.  Delamotte,  and 
printed  in  Colours.     Royal  8vo,  oblong,  price  4r.  cloth. 

"  A  well-known  engraver  and  draughtsman  has  enrolled  in  this  useful  book  the 
result  of  many  years'  study  and  research.  For  those  who  insert  enamelled  sentences 
round  gilded  chalices,  who  blazon  shop  legends  over  shop-doors,  who  letter  church 
walls  with  pithy  sentences  from  the  Decalogue,  this  book  will  be  MseivUL'^-^Atkefusum, 

EXAMPLES  OF  MODERN  ALPHABETS,  PLAIN  and  ORNA- 
MENTAL ;  including  German,  Old  English,  Saxon,  Italic,  Per- 
spective, Greek,  Hebrew,  Court  Hand,  Engrossing,  Tuscan, 
Riband,  Gothic,  Rustic,  and  Arabesque ;  with  several  Original 
Designs,  and  an  Analysis  of  the  Roman  and  Old  English  Alpha- 
bets, large  and  small,  and  Numerals,  for  the  use  of  Draughtsmen, 
Surveyors,  Masons,  Decorative  Painters,  Lithographers,  Engravers, 
Carvers,  &c  Collected  and  engraved  by  F.  Delamotte,  and 
printed  in  Colours.     Royal  8vo,  oblong,  price  4J.  cloth. 

*•  To  artists  of  all  classes,  but  more  especially  to  architects  and  engravers,  this  very 
handsome  book  will  be  invaluable.  There  is  comprised  in  it  every  possible  shape  into 
which  the  letters  of  the  alphabet  and  numerals  can  be  formed,  and  the  talent  which 
has  been  expended  m  the  conception  of  the  various  plain  and  ornamental  letters  is 
wonderful  **--Standard, 

MEDIAEVAL  ALPHABETS  AND  INITIALS  FOR  ILLUMI- 
NATORS. By  F.  Delamotte,  Illuminator,  Designer,  and 
Engraver  on  Wood.  Containing  21  Plates,  and  Illuminated  Title, 
printed  in  Gold  and  Colours.  With  an  Introduction  by  J,  Willis 
Brooks.    Small  4to,  dr.  cloth  gilt. 

"  A  volume  in  which  the  letters  of  the  alphabet  come  forth  glorified  in  gilding  and 
all  the  colours  of  the  prism  interwoven  and  intertwined  and  intermingled,  sometimes 
with  a  sort  of  rainbow  arabesque.  A  poem  emblazoned  in  these  characters  would  be 
only  comparable  to  one  of  those  delicious  love  letters  symbolized  in  a  bunch  of  flowers 
well  selected  and  cleverly  arranged." — Sun, 

THE  EMBROIDERER'S  BOOK  OF  DESIGN ;  containing  Initials, 
Emblems,  Cyphers,  Monograms,  Ornamental  Borders,  Ecclesias- 
tical Devices,  Mediaeval  and  Modem  Alphabets,  and  National 
Emblems.  Collected  and  engraved  by  F.  Delamotte,  and 
printed  in  Colours.    Oblong  royal  8vo,  2s.  6d,  in  ornamental  boards. 
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AGRICULTURE,   &c. 

• 

Yotiatt  and  BurtCs  Complete  Grazier. 

THE  COMPLETE  GRAZIER,  and  FARMER'S  and  CATTLE- 

BREEDER'S  ASSISTANT.      A  Compendium  of  Husbandry. 

By  William  Youatt,  Esq.,  V.S.      nth  Edition,  enlarged  by 

Robert  Scott  Burn,  Author  of  "The  Lessons  of  My  Farm,"  &c. 

One  large  8vo  volume,  784  pp.  with  215  Illustrations,   i/.  \s.  half-bd. 

'*  Tlie  standard  and  text-book*  with  the  farmer  and  grazier." — Fannei^s  Mttgeudne^ 

"A  treatise  which  will  remain  a  standard  work  on  the  subject  as  long  as  British 

agriculture  endures."— il/ar4r  Lane  Express, 

Spooner  on  Sheep, 

SHEEP;  THE  HISTORY,  STRUCTURE,  ECONOMY, 
AND  DISEASES  OF.  By  W.  C.  Spooner,  M.R.V.C.,  &c 
Third  Edition,  considerably  enlarged  ;  with  numerous  fine  engra- 
vings, including  some  specimens  of  New  and  Improved  Breeds. 
Fcp.  8vo,  366  pp.,  price  6j.  cloth. 

'*  The  Dook  is  decidedly  the  best  of  the  kind  in  our  language.*' — Scotsman. 

*'  Mr.  Spooner  has  conferred  upon  the  agricultural  class  a  lasting  benefit  by  em- 
bodying in  this  work  the  improvements  made  in  sheep  stock  by  such  men  as 
Humphreys,  Rawlence,  Howard,  and  others." — Hatnpshire  Advertiser. 

'*  The  work  should  be  in  possession  of  every  flock-master. " — Banbury  Guardian, 

Scott  Burn's  System  of  Modern  Farming. 

OUTLINES  OF  MODERN  FARMING.  By  R.  Scott  Burn. 
Soils,  Manures,  and  Crops — Farming  and  Farming  Economy, 
Historical  and  Practical — Cattle,  Sheep,  and  Horses — Management 
of  the  Dairy,  Pigs,  and  Poultry,  with  Notes  on  the  Diseases  of 
Stock — Utilisation  of  Town-Sewage,  Irrigation,  and  Reclamation 
of  Waste  Land.  New  Edition.  In  i  vol.  1250  pp.,  half-bound, 
profusely  illustrated,  price  I2J. 
"  Tnere  is  sufficient  stated  within  the  limits  of  this  treatise  to  prevent  a  fiumer 
from  going  far  wrong  in  any  of  bis  fyptx^xvaa.'s,"— Observer. 

Morton's  Underwood  and  Woodland  Tables. 

TABLES  FOR  PLANTING  AND  VALUING  UNDER- 
WOOD AND  WOODLAND  ;  also  Lineal,  Superficial,  Cubical, 
Wages,  Marketing,  and  Decimal  Tables.  Together  with  Tables 
for  Converting  Land-measure  from  one  denomination  to  another, 
and  instructions  for  Measuring  Round  Timber.  By  Richard 
HoRTON.     i2mo.  2J.  strongly  bound  in  leather. 

Good  Gardening. 

A  PLAIN  GUIDE  TO  GOOD  GARDENING ;  or,  How  to 
Grow  Vegetables,  Fruits,  and  Flowers.  With  Practical  Notes  on 
Soils,  Manures,  Seeds,  Planting,  Laying-out  of  Gardens  and 
Grounds,  and  on  the  various  kinds  of  Garden  Structures.  By 
Samuel  Wood  (late  gardener  to  Sir  B.  P.  Wrey,  Bart.),  Author 
of  '  Gardening  for  the  Cottage. '  Second  Edition,  with  very  c6n- 
siderable  Additions,  && ,  and  numerous  Illustrations.  Crown  8vo, 
pp.  416,  cloth  elegant,  price  5^. 
"  A.  very  eood  book,  and  one  to  be  highly  recommended  as  a  practical  guide. 

The  practicsu  directions  are  excellent." — Athenaum. 

*'  A  thoroughly  useful  guidebook  for  the  amateur  gardener  who  may  want  to  make 

hiB  plot  of  land  tibt  merely  pretty,  but  useful  and  profitable."^  274w'{r  Telegre^k. 
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Ewarfs  Land  Improver^ s  Pocket-Book. 

THE  LAND  IMPROVER'S  POCKET-BOOK  OF  FOR- 
MULiE,  TABLES,  and  MEMORANDA,  required  in  any  Com- 
putation relating  to  the  Permanent  Improvement  of  Landed  Pro- 
perty. By  John  Ewart,  Land  Surveyor  and  Agricultural  Engineer. 
Royal  32mo,  oblong,  leather,  gilt  edges,  with  elastic  band,  4J. 

"  A  compendium  long  required  by  land  surveyors,  agricultural  engineers,  &c."— 
Sussex  Daily  News. 

**  It  is  admirably  calculated  to  serve  the  purpose  for  which  it  was  intended."— 
Scotsman. 

**  A  compendious  and  handy  little  voIuijig.*' —S/ectator. 

Hudson  s  Tables  for  Latid  Valuers. 

THE  LAND  VALUER'S  BEST  ASSISTANT:  being  Tables, 
on  a  very  much  improved  Plan,  for  Calculating  the  Value  of 
Estates.  To  which  are  added.  Tables  for  reducing  Scotch,  Irish, 
and  Provincial  Customary  Acres  to  Statute  Measure ;  also,  Tables 
of  Square  Measure,  and  of  the  various  Dimensions  of  an  Acre -in 
Perches  and  Yards,  by  which  the  Contents  of  any  Plot  of  Ground 
may  be  ascertained  without  the  expense  of  a  regular  Survey  ;  &c 
By  R.  Hudson,  C.  E.  New  Edition,  royal  32mo,  oblong,  leather, 
gilt  edges,  with  elastic  band,  4J. 

"  Of  incalculable  value  to  the  country  gentleman  and  professional  mxn.^'^Farmef's 
youmal. 

Complete  Agricultural  Surveyor's  Pocket-Book. 

THE  LAND  VALUER'S  AND  LAND  IMPROVER'S  COM- 
PLETE POCKET-BOOK ;  consisting  of  the  above  two  works 
bound  together,  leather,  gilt  edges,  with  strap,  7j.  td, 

^^  The  above  forms  an  unequalled  and  most  compendious  Pocket 
Vade-mecum  for  the  Land  Agent  and  Agricultural  Engineer, 

•*  We  consider  Hudson's  book  to  be  the  best  ready-reckoner  on  matters  relating  to 
die  valuation  of  land  and  crops  we  have  ever  seen,  and  its  combination  with  Mr. 
Ewart's  work  greatly  enhances  the  value  and  usefulness  of  the  latter-mentioned  .  . 
It  is  most  useful  as  a  manual  for  reference  to  those  for  whom  it  is  intended.''-^ 
North  of  England  Fanner. 

House  Property. 

HANDBOOK  OF  HOUSE  PROPERTY  :  a  Popular  and  Prac- 
tical Guide  to  the  Purchase,  Mortgage,  Tenancy,  and  Compulsory 
Sale  of  Houses  and  Land  ;  including  the  Law  of  Dilapidations  and 
Fixtures ;  with  Explanations  and  Examples  of  all  kinds  of  Valua- 
tions, and  useful  Information  and  Advice  on  Building.  By  Edward 
Lance  Tarbuck,  Architect  and  Surveyor.  i2mo,  5^.  cloth  boards. 

"We  are  glad  to  be  able  to  recommend  it." — Builder. 
"  The  advice  is  thoroughly  practical." — Law  Journal. 

Scott  Burn's  Introduction  to  Farming. 

THE  LESSONS  of  MY  FARM  :  a  Book  for  Amateur  Agrical- 
turists,  being  an  Introduction  to  Farm  Practice,  in  the  Culture  of 
Crops,  the  Feeding  of  Cattle,  Management  of  the  Dairy,  Poultry, 
and  Pigs,  and  in  the  Keeping  of  Farm- work  Records.  By  Robert 
Scott  Burn.     With  numerous  Illustrations.     Fcp.  dr.  cloth. 

"A  most  complete  introduction  to  the  whole  round  of  fanning  practice.  ""-7(0^ 
Bull, 


Digitized 


by  Google 


3a  PUBLISHED  BY  CROSBY  LOCKWOOD  &  CO. 

"yi    Complete  Epitome  of  the  Laws  of   this 
Country'' 

EVERY  MAN'S  OWN  LAWYER  ;  a  Handy-Book  of  the  Prin- 
ciples of  Law  and  Equity.  By  A  Barrister.  14th  Edition, 
Revised  to  the  end  of  last  Session.  Including  a  Summary  of  the 
Judicature  Acts,  and  the  principal  Acts  of  the  past  Session,  viz. 
— ^The  Act  for  Amending  the  Law  Relating  to  Crossed  Cheques, 
The  Merchant  Shipping  Act,  The  Vivisection  or  Cruelty  to 
Animals  Amendment  Act,  The  Rivers'  Pollution  Prevention  Act, 
The  Wild-Fowl  Preservation  Act,  &c.,  &c  With  Notes  and 
References  to  the  Authorities.  Crown  8vo,  price  6s,  Sd,  (saved  at 
every  consultation),  strongly  bound. 

COMPRISING  THE  LAWS  OF 

Bankruptcy— Bills  of  Exchange — Contracts  and  Agrbbments — Copyright 
—Dower  and  Divorce— Elections  and  Registration — Insurance — Libel 
AND  Slander— Mortgages— Settlements— Stock  Exchange  Practice- 
Trade  Marks  and  Patents — Trespass,  Nuisances,  etc.— Transfer  oA 
Land,  etc. — Warranty — Wills  and  Agreements,  etc.    Also  Law  for 

Landlord  and  Tenant — Master  and  Servant— Workmen  and  Apprentices — Heirs, 
Devisees,  and  L^atees— Husband  and  Wife— Executors  and  Trustees — Guardian 
and  Ward— Married  Women  and  Infants— Partners  and  Agents— Lender  and 
Borrower — Debtor  and  Creditor — Purchaser  and  Vendor — Companies  and  Asso- 
ciations— Friendly  Societies — Qergymcn,  Churchwardens — Medical  Practitioners, 
&c.— Bankers— Fanners— Contractors — Stock  and  Share  Brokers — Sportsmen 
and  Gamekeepers — Farriers  and  Horse-Deaters — Auctioneers,  House-Agents— 
Innkeepers,  &c. — Pawnbrokers — Surveyors — Railways  and  Carriers,  &c.  &c. 
'•  No  Englishman  ought  to  be  without  this  book.** — EngineeK 
"  What  it  professes  to  be — a  complete  epitome  of  the  laws  of  this  country,  thoroughly 

iateU%ible  to  non-professional  readers." — B€irs  Lt/e, 

Auctioneer's  Assistant. 

THE     APPRAISER,    AUCTIONEER,   BROKER,   HOUSE 
AND  ESTATE  AGENT,  AND  VALUER'S  POCKET  AS- 
SISTANT, for  the  Valuation  for  Purchase,  Sale,  or  Renewal  of 
Leases,   Annuities,  and  Reversions,  and   of  property  generally; 
with  Prices  for  Inventories,  &c  By  John  Wheeler,  Valuer,  &c. 
Third  Edition,  enlarged,  by  C.  Norris.     Royal  32mo,  cloth,  $s, 
**  A  neat  and  concise  book  of  reference,  containing  an  admirable  and  clearly- 
arranged  list  of  prices  for  inventories,  and  a  very  practical  guide  to  determine  the 
value  of  furniture,  &c" — Standard. 

Pawnbrokers  Legal  Guide. 

THE  PAWNBROKER'S,  FACTOR'S,  and  MERCHANT'S 
GUIDE  to  the  LAW  of  LOANS  and  PLEDGES.  By  H.  C. 
FoLKARD,  Esq.,  Barrister-at-Law,  Author  of  the  "Law of  Slander 
and  Libel,"  &c.     i2mo,  cloth  boards,  price  7^. 

The  Laws  of  Mines  and  Mining  Companies. 

A  PRACTICAL  TREATISE  on  the  LAW  RELATING  to 
MINES  and  MINING  COMPANIES.  By  Whitton  Arun- 
DELL,  Attomey-at-Law.     Crown  8vo,  4J.  cloth. 

County  Court  Statutes. 

THE  COUNTY  COURT  STATUTES,  from  1846  to  1875. 
with  the  new  Consolidated  Orders,  Forms,  Fees,  and  Costs, 
Practical  Notes,  and  very  full  Index.  By  G.  Manley  Wether- 
field,  Solicitor.     i2mo,  pp.  600,  cloth  loj.  6d. 

Btadbiary,  Agnew ,  *  Co..  Printer*,  Whitefirian ,  LsBdon. 
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THE  PBIZE  KEDAL,  DTTEBHATIONAL  EXHIBITIOK,  1862, 

wai  awarded  to  the  Publishers  of 

"Weale*s  Series/' 

A  NEW  LIST 

OF 

WEALE'S 
RUDIMENTARY  SCIENTIFIC,  EDU 
AND  CLASSICAL  SERIES. 

These  popular  and  cheap  Series  of  Books,  now  comprising  nearly  Three  Hundred 
distinct  works  in  almost  every  department  of  Science,  Art,  and  Education,  are  re- 
comrnended  to  the  notice  of  Engrineers,  Architects,  Builders,  Artisans ^  and  Students 
generally,  as  well  as  to  those  interested  in  IVorkmen's  Libraries,  Free  Libraries ^ 
Literary  and  Scientific  Institutions,  Colleges,  Schools,  Science  Classes,  &*c.,  ^*c. 


N.B* — In  ordering  from  this  List  it  is  recommended,  as  a  means  of  facilitating 
business  and  obviating  error,  to^uote  the  numbers  affixed  to  t/te  volumes,  as  well  as 
ike  tiiles  and  prices. 

*#•  The  books  are  bound  in  limp  cloth,  unless  otherwise  stated. 


BUDIMENTABY  SCIENTIFIC   SEKIES. 

ARCHITECTURE,  BUILDING,  ETC. 

No. 
16.  ARCHITECTURE^0RDERS—1\i^  Ordos  and  their  ^Esthetic 

Principles.    By  W.  H.  Leeds.    Illustrated,    is.  6d. 
.  l^*  ARCHITECTURE^STYLES—Th&  History  and  Description  of 
the  Styles  of  Architecture  of  Various  Countries,  from  the  Earliest  to  the 
Present  Period.    By  T.  Talbot  Bury,  F.R.I.B.A^  &c.    Illustrated.    2s. 
*#*  Orders  and  Styles  of  Architbcture,  in  One  Vol.,  jj.  6d. 
18.  ARCHITECTURE— DESIGN—TYie,  Principles    of  Design   in 
Architecture,  as  deducible  from  Nature  and  exemplified  in  the  Works  of  the 
Greek  and  Gothic  Architects.  By  E.  L,  Garbbtt,  Architect.  Illustrated.  2s. 
•«*  The  three  preceding  Works,  in  One   handsome   Vol.,  half   bound,    entitled 
••Modern  Architecture,"  Price  6s, 

22.  THE  ART  OF  BUILDINGy  Rudiments  of.    General  Principles 

of  Construction,  Materials  used  in  Building,  Strength  and  Use  of  Materials, 
Working  Drawings,  Specifications,  and  Estimates.  By  Edward  Dobson,. 
M.R.I.B.A.,  &c.    Illustrated,    is.  6d. 

23.  BRICKS  AND  TILES,  Rudimentary  Treatise  on  the  Manufac- 

ture of;  containing  an  Outline  of  the  Principles  of  Brickmaking.  By  Edw. 
Dobson, M.R.I.B.A.  With  Additions  by  C.Tomlinson,F.R.S.  Illustrated,  3s. 

25.  MASOkRY  AND   STONECUTTING,  Rudimentary  Treatise 

_     on ;  in  which  the  Principles  of  Masonic  Projection  and  their  ^{>lication  to 

the  Construction  of  Curved  Wing- Walls,  Domes,  Oblique  Bridges,  and 

Roman  and  Gothic  Vaulting,  are  concisely  explained.  By  Edward  Dobson^ 

M.B.I.B.A.,  &c.    Illustrated  with  Plates  and  Diagrams.    2s.  6d. 

44.  FOUNDATIONS  AND  CONCRETE  fTC^^AT^,  a  Rudimentary 
Treatise  on ;  containing  a  S}mopsis  of  the  principal  cases  of  Foundation 
Works,  with  the  usual  Modes  of  Treatment,  and  Practical  Remarks  on 
Footings,  Planking,  Sand,  Concrete,  B6ton,  Pile-driving,  Caissons,  and 
Cofferdams.  By  E.  Dobson,  M.R.I.B.A.,  &c.  Fourth  Edition,  revised  by 
George  Dodd,  C.E.    Illustrated,    is.  6d. 
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Architecture,  Building,  etc.,  conHnued, 
42.  COTTAGE  BUILDING^    By  C.    Bruce   Allen,  Architect 

Eleventh  Edition,  revised  and  enlarged.    Numerous  Illustrations,    zs.  6d. 
45.  LIMES,  CEMENTS,  MORTARS,  CONCRETES,  MASTICS, 
PlASTERING,  Sec.,  Rudimentaxy  Treatise  on.    By  G.  R.  Burnsll,  C.E. 
Ninth  Edition,  with  Appendices,    xs.  6d. 
57.  WARMING  AND   VENTILATION,  a  Rudimentary  Treatise 
on ;  beine  a  concise  Exposition  of  the  General  Principles  of  the  Art  of  Warm- 
in  e  and  Ventilating  JJomestic  and  Public  Buildines,  Mines,  Lighthouses, 
Slups,  &c:    B^r  Charles  Tokldtson,  FJft.S.,  &c.    Illustrated.    3s. 
83**.  CONSTRUCTION  OF  DOOR  LOCKS,     CompUed  from  the 
Papers  of  A.  C.  Hobbs,  Esq.,  of  New  York,  and  Edited  by  Charles  Tom- 
UNSON,  F.R.S.    To  which  is  added,  a  Description  of  Fenby's  Patent  Locks, 
and  a  Note  upon  Iron  Safes  by  Robert  Mallet,  M.I.C.E.    lUns.    2s.  6d. 

III.  ARCHES,  PIERS,  BUTTRESSES,  <Sr*<:.;  Experimental  Essays 
on  the  Principles  of  Construction  in ;  made  with  a  view  to  their  being  useful 
to  the  Practical  Builder.    By  William  Bland.    Illustrated,    is.  6d. 

116.  THE  ACOUSTICS  OF  PUBLIC  BUILDINGS;  or,  The 
Principles  of  the  Science  of  Sound  applied  to  the  purposes  of  the'Architect  and 
Builder.    By  T.  Roger  Smith,  M.R.I.B.A.,  Architect.    Illustrated,    is.  6d. 

124.  CONSTRUCTION  OF  ROOFS,  Treatise  on  the,  as  regards 
Carpentry  and  Joinery.  Deduced  from  the  Works  of  Robison,  Price,  and 
Trbdgold.    Illustrated,    is.  6d. 

127.  ARCHITECTURAL  MODELLING  IN  PAPER,  the  Art  of. 

By  T.  A.  Richardson,  Architect.     With  Illustrations,  designed  by  the 
Author,  and  engraved  by  O.  Jewitt.    is.  6d. 

128.  VITRUVIUS'-THE     ARCHITECTURE     OF     MARCUS 

VJTRUVIUS  POLLO.     In  Ten  Books.    Translated  from  the  Latin  by 
JosBPH  Gwilt,  F.S.A.,  F.R.A.S.    With  23  Plates.    5s. 
130.  GRECIAN  ARCHITECTURE,  An  Inquiry  into  the  Principles 
of  Beanty  in ;  with  a  Historical  "View  of  the  Rise  and  Progress  of  the  Axt  in 
Greece.     By  the  Earl  of  Aberdeen,    is. 
%•  The  two  Preceding  WorJis  in  One  handsome  Vol.y  haif  bound,  eniitted  "Ancient 
Architecture."    Price  6s. 


132.  DWELLING-HOUSES,  a  Rudimentary  Treatise  on  the  Erection 
of.    By  S.  H.  Brooks,  Architect.    New  Edition,  with  Plates.    2s.  6d. 

156.  QUANTITIES  AND  MEASUREMENTS,  How  to  Calculate  and 
Take  them  in  Bricklayers*,  Masons*,  Plasterers*,  Plumbers',  Painters',  Paper- 
hangers',  Gilders',  Smiths',  Carpenters',  and  Joiners*  Work.  By  A.  C. 
Beaton,  Architect  and  Surveyor.  New  and  Enlarged  Edition.   Illus.    is.  6d. 

175.  LOCKWOOD  <Sr*  CO:S  BUILDER'S  AND  CONTRACTORS 
PRICE  BOOK,  with  which  is  incorporated  Atchley?s  and  portions  of  the 
late  G.  R.  Burnkll's  "Builder's  Price  Books,"  for  1877,  containing 
the  latest  Prices  of  all  kinds  of  Builders'  Materials  and  Labour,  and  of  all 
Trades  connected  with  Building :  wit;h  many  useful  and  important  Memo- 
randa and  Tables;  Lists  of  the  Members^  of  the  Metropolitan  Board  of 
Works,  of  Districts,  District  Officers,  and  District  Surveyors,  and  the 
Metropolitan  Bye-laws.  The  whole  Revised  and  Edited  by  Francis  T. 
W.    Miller,  Architect  and  Surveyor.    3s.  6d. 

182.  CARPENTRY  AND  yOINERY—TniL  Elementary   Prin- 

ciplbs  of  Carpentry.  C5hiefly  composed  from  the  Standard  Work  of 
Thomas  Tredgold,  C.E.  With  Additions  from  the  Works  of  the  most 
Recenl  Authorities,  and  a  TREATISE  ON  JOINERY  by  E.  Wyndham 
Tarn,  M.A.  Numerous  Illustrations.  3*.  6d. 
182*.  CARPENTRY  AND  JOINERY,  ATLAS  of  35  Plates  to 
accompany  the  foregoing  book.    With  Descriptive  Letterpress.    4to.    6s. 

187.  HINTS  TO  YOUNG  ARCHITECTS,  By  George  Wight- 
wick.  Author  of  "The  Palace  of  Architecture,**  8cc.  &c.  New,  Revised, 
and  enlarged  Edition.  By  G.  Huskisson  Guillaume,  Architect.  With 
numerous  Woodcuts.    3s.  6d. 

LONDON:   CROSBY  LOCKWOOD   AND   CO.,  ' 

\ 

Digitized  by  Google  '^ 

I 


weale's  rudimentary  series. 


Architecture,  Building,  etc.,  continued, 

i88.  HOUSE  PAINTING,  GRAINING,  MARBLING,  AND  SIGN 
WRITING :  A  Practical  Manual  o^  containing  full  information  on  the 
Processes  of  House  Painting  in  Oil  and  Distemper,  the  Formation  of 
Letters  and  Practice  of  Sign  writing,  the  Principles  of  Decorative  Art,  a 
Course  of  Elementary  Drawing  for  House  Painters,  Writers,  &c.,  ai^d  a 
Collection  of  Useful  Receipts.  With  9  Coloured  Plates  of  Woods  and 
Marbles,  and  nearly  150  Wood  Engravings.  By  Ellis  A.  Davidson, 
Author  of  "  Building  Construction,**  "Drawing for  Carpenters,"  &c/ Second 
Edition,  carefully  revised,  5s.  \_Just  published. 

189.  THE  RUDIMENTS  OF  PRACTICAL  BRICKLAYING, 
In  Six  Sections :  General  Principles  of  Bricklaying ;  Arch  Drawing,  Cutting, 
and  Setting ;  different  kinds  of  Pointing ;  Paving,  Tiling,  Materials ;  Slating 
and  Plastering ;  Practical  Geometry,  Mensuration,  &c.  By  Adam  Hammond. 
Illustrated  with  68  Woodcuts.    is.6d.  \jusi  published. 

191.  PLUMBING,    A  Text-Book  to  the  Practice  of  the  Art  or  Craft  of 

the  Plumber.  With  Supplementary  Chapters  upon  House  Drainage,  em- 
bodjring  the  latest  Improvements.  Containing  about  300  Illustrations.  By 
WiLUAM  Paton  Buchan,  Practical  and  Congulting  Sanitanr  Plumber; 
Mem.  of  Coun.  San.  ana  Soc,  Econ.  Sec.  of  the  Philosophical  Society  of 
Glasgow,  js.  [Jusi  published, 

192.  THE   TIMBER   IMPORTER'S,  TIMBER  MERCHANTS, 

and  BUILDER'S  STANDARD  GUIDE ;  comprising  copious  and  valu- 
able Memoranda  for  the  Retailer  and  Builder.  By  Richard  E.  Grandy. 
Second  Edition,  Revised.    3s. 

CIVIL  ENGINEERING,   ETC. 

13.  CIVIL  ENGINEERING,  the  Rudiments  of;    for  the  Use  of 

j  Beginners,  for  Practical  Engineers,  and  for  the  Army  and  Navy.    By  Henry 

3Law,  C.E.    Including  a  Section  on  Hydraulic  Engineerin|:,  by  Gborob  R. 

BuRNELL,  C.E.      5th  Edition,  with  Notes  and  Illustrations  by  Robert 

•  Mallbt,  A.m.,  F.R.S.    Illustrated  with  Plates  and  Diagrams.    5s. 

29.  THE  DRAINAGE  OF  DISTRICTS  AND  LANDS,    By  G. 

Drysdalb  Dempsey,  C.E.  New  Edition,  revised  and  enlarged.  Illustrated. 
it.6d. 

30.  THE  DRAINAGE  OF  TOWNS  AND  BUILDINGS,     By 

G.  Drysdalb  Dempsey,  C.E.    New  Edition.    Illustrated.    2s.  6d. 
%•  IViih  "  Drainage  of  Districts  andLands^*  in  One  VoL^  \s,  6d. 

31.  WELL-DIGGING,    BORING,    AND    PUMP-WORK,      By 

John  Gborgr  Swindell,  Assoc.  R.I.B.A.    New  Edition,  revised  by  G.  R. 

Burnbll,  C.E.    Illustrated.    zs.6d. 
35.  THE   BLASTING   AND    QUARRYING    OF  STONE,   for 

Building  and  other  Purposes.  'With  Remarks  on  the  Blowing  up  of  Bridges. 

By  Gen.  Sir  John  BuRGOYNE,"Bart.,  K.C.B.    Illustrated,    is.  6d. 
43.  TUBULAR    AND    OTHER    IRON  GIRDER    BRIDGES. 

Particularly  describing  the  Britannia  and  Conway  Tubular   Bridges. 

With  a  Sketch  of  Iron  Bridges,  and  Illustrations  of  the  Application  ot 

Malleable  Iron  to  the  Art  of  Bridge  Building.    By  G.  D.  Dempsey,  C.E 

New  Edition,  with  Illustrations,    is.  6d. 

62.  RAILWAY  CONSTRUCTION,  Elementary  and  Practical  In- 
struction  on   the    Science  of.      By  Sir  Macdonald   Stephenson,   C.E. 
^    :  New  Edition,  revised  and  enlarged  by  Edward  Nugent,  C.E.     Plates  and 
numerous  Woodcuts,    is. 

So*.  EMBANKING  LANDS  FROM  THE  SEA,  the  Practice  of. 
Treated  as  a.Means  of  Profitable  Employment  for  Capital.  With  Examples 
and  Particulars  of  actual  Embankments,  and  also  Practical  Remarks  on  the 
Repair  of  old  Sea  Walls.  By  John  Wiggins,  F.G.S.  New  Edition,  with 
Notes  by  Robert  Mallet,  F.R.S.  2s, 
81.  WATER  WORKS,  for  the  Supply  of  Cities  and  Towns.  With 
a  Description  of  the  Principal  Geological  Formations  of  England  as  in> 
;  fluencing  Supplier  of  Water ;  and  Details  of  Engines  and  Pumping  Machinery 
for  raising  Water.  By  Samuel  Hughes,  F.G.S.,  C.E.  New  Editioiv 
revised  atra  enlarged,  v^th  numerous  Illustrations.    4s. 

82**  GAS  WORKS,  and  the  Practice  of  Manufacturing  and  Distributing 
Coal  Gas.  Bv  Samuel  Hughes,  C.E.  New  Edition,  revised  by  W. 
Richards,  C.E.    Illustrated.    3s.  6d. 
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Civil  Engineering,  eXo,^  continued. 

117.  SUBTERRANEOUS  SURVEYING;  an  Elementary  and  Prac- 

tical Treatise  on.  By  Thomas  Fbnwick.  Also  the  Method  of  Conducting 
Subterraneous  Surveys  without  the  Use  of  the  Magnetic  Needle,  and  other 
modem  Improvements.    By  Thomas  Baker,  C.E.    Illustrated.    2s.  6d. 

1 18.  CIVIL  ENGINEERING  IN  NORTH  AMERICA,  a  Sketch 

of.    By  David  Stevenson,  F.R.S.E.,  &c.    Plates  and  Diagrams.    3s. 
121.  RIVERS  AND  TORRENTS,    With  the  Method  of  Regulating 
their  Courses  and  Channels.     By  Professor  Paul  Frisi,  F.R.S.,  of  Milan- 
To  which  is  added,  AN  ESSAY  ON  NAVIGABLE  CANALS.  Translated 
by  Major-General  John  Garstin,  of  the  Bengal  Engineers.    Plates.   2s.  6d. 

MECHANICAL   ENGINEERING,   ETC, 

33.  CRANES^  the  Construction  of,  and  other  Machinery  for  Raising 

Heavy  Bodies  for  the  Erection  of  Buildings,  and  for  Hoisting  Goods.  By 
Joseph  Glynn,  F.R.S.,  &c.    Illustrated,    is.  6d. 

34.  THE  STEAM  ENGINE,  a  Rudimentaiy  Treatise  on.    By  Dr. 

Lardnbr.    Illustrated,    is.  6d. 
59.  STEAM  BOILERS:  their  Construction  and  Management.    By 

R.  Armstrong,  C.E.    Illustrated,    is.  6d. 
63.  AGRICULTURAL  ENGINEERING :  Farm  Buadings.  Motive 

Power,  Field  Machines,  Machinery,  and  Implements.    By  G.  H.  ANDREWSr 

C.E.    Illustrated.    3s. 
67.  CLOCKS,  WATCHES,  AND  BELLS,  a  Rudimentary  Treatise 

on.  By  Sir  Edmund  Beckett  (late  Edmund  Beckett  Denison,  LL.D.,  Q.C.)- 

A  new,  Revised,  and   considerably  Enlarged  Edition  (the  6th),  with  very 

numerous  Illustrations.    4s.  6d.  \_Jusi  ^blished.  ' 

77».  THE  ECONOMY  OF  FUEL,  particularly  with  Reference  to 
Reverbatory  Furnaces  for  the  Manufacture  of  Iron,  and  to  Steam  Boilers. 
By  T.  Symes  Prideaux.    is.  6d. 

82.  THE  POWER  OF  WATER,  as  applied  to  drive  Flour  Mills, 

and  to  give  motion  to  Turbines  and  other  Hydrostatic  Engines.    By  Joseph 

Glynn,  F.R.S.,  &c.    New  Edition,  Illustrated.    2s. 
98.  PRACTICAL  MECHANISM,  the  Elements  of;   and  Machine 

Tools.    By  T.  Baker,  C.E.    With  Remarks  on  Tools  and  Machinery,  by 

J.  Nasmyth,  C.E.    Plates.    2s.  6d. 
114.  JIi/^C^/iV]£'i?F,  Elementary  Principles  of,  in  its  Construction  and 

Working.    Illustrated  by  numerous  Examples  of  Modem  Machinery  for 

different  Branches  of  Manufacture.    By  C.  D.  Abel,  C.E.     is.  6d. 
15.  ATLAS    OF  PLATES.      Illustrating  the  above  Treatise.     By 

C.  D.  Abel,  C.E.    7s.  6d. 
125.  THE  COMBUSTION  OF  COAL  AND  THE  PREVENTION 

OF  SMOKE,  Chemically  and  Practically  Considered.    With  an  Appendix. 

By  C.  Wye  Williams,  A.I.C.E.    Plates.    3s. 
139.  THE  STEAM  ENGINE,  a  Treatise  on  the  Mathematical  Theory 

of,  with  Rules  at  length,  and  Examples  for  the  Use  of  Practical  Men.    By 

T.  Baker,  C.E.    Illustrated,     is.  6d. 
162.  THE   BRASS   FOUNDER'S    MANUAL;    Instructions    for 


Modelling,  Pattern-Making,  Moulding,  Turning,  Filing,  Burnishing, 
Bronzing,  &c.  With  copious  Receipts,  numerous  Tables,  and  Notes  on  Prime 
Costs  and  Estimates.    By  Walter  Graham.    Illustrated.    2s.  6d. 


164.  MODERN  WORKSHOP  PRACTICE,  as  applied  to  Marine, 
Land,  and  Locomotive  Engines,  Floating  Docks,  Dredging  Machines, 
Bridges,  Cranes,  Ship-building,  &c.,  &c.    By  J.  G.  AVinton.   Illustrated.   3s. 

16$.  IRON  AND  HEAT,  exhibiting  the  Principles  concerned  in  the 
Construction  of  Iron  Beams,  Pillars,  and  Bridge  Girders,  and  the  Action  of 
Heat  in  the  Smelting  Furnace.     By  J.  Armour,  C.E.      2S.  6d. 
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Alechanical  Engineering,  etc^  continued, 
i66.  POWER  IN  MOTION:  Horse-Power,  Motion,  Toothed-Wheel 

Gearing,  Long  and  Short  Driving  Bands,  Angular  Forces.  By  Jambs 
Armour,  C.E.    With  73  Diagrams,    as.  6d. 

167.  THE  APPLICA  TION  OF  IRON  TO  THE  CONSTRUCTION 
OF  BRIDGES,  GIRDERS,  ROOFS,  AND  OTHER  WORKS.  Showinjr 
the  Principles  upon  which  such  Structures  are  designed,  and  their  Practical 
Application.  By  Francis  Campin,  C.E.  Second  Edition,  revised  and 
corrected.    Numerous  Woodcuts,    as.  6d. 

171*  THE     WORKMAN'S     MANUAL     OF    ENGINEERING' 
DRAWING.      By  John   Maxton,  Engineer,  Instructor  in  Engineering 
Drawing,  Royal  Naval  Coll^,  Greenwich,  formerly  of  R.S.N.A.,  South 
Kensington.   Third  Edition.   Illustrated  with  7  Plates  and  nearly  350  Wood- 
cuts. 3s.  6d. 

190.  STEAM    AND    THE    STEAM  ENGINE,  Stationary   and 

Portable.  An  elementary  treatise  on.  Being  an  extension  of  Mr.  John 
SewelPs  "  Treatise  on  Steam.»»  By  D.  Kinnear  Clark,  C.E.,  M.I.C  Js). 
Author,  of  "  Railway  Machinery,**  "  Railway  Locomotives  "  &c.,  &c.  With 
numerous  Illustrations.    3s.  6d.  ijusi  published,. 


SHIPBUILDING,   NAVIGATION,   MARINE 

.     ENGINEERING,   ETC. 

51.  NAVAL  ARCHITECTURE,  the  Rudiments  of;  or,  an  Exposi- 
tion of  the  Elementary  Principles  of  the  Science,  and  their  Practical  Appli- 
cation to  Naval  Construction.  Comjpiled  for  the  Use  of  Beginners.  By 
Iambs  Pbake,  School  of  Naval  Architecture,  H.M.  Doclqrard,  Portsmouth. 
Fourth  Edition,  corrected,  with  Plates  and  Diagrams.    3s«  6d. 

53*,  SHIPS  FOR  OCEAN  AND  RIVER  SERVICE,  Elementary 
and  Practical  Principles  of  the  Construction  of.  By  Hakon  A.  Soiuf br- 
FBLDT,  Surveyor  of  the  Royal  Norwegian  Navy.    With  an  Appendix,    is. 

53**.  AN  ATLAS  OFENGRA  VINGS  to  Illustrate  the  above.  Twelve 

large  folding  plates.    Ro3ral  4to,  cloth.    7s.  6d. 

54.  MASTING,  MASTMAKING,  AND  RIGGING  OF  SHIPS, 

Rudimentanr  Treatise  on.  Also  Tables  of  Spars,  Rigging,  Blocks ;  Chaun, 
Wire,  and  Hemp  Ropes,  &c.,  relative  to  every  class  of  vessels.  Together 
with  an  Api>endix  of  Dimensions  of  Masts  and  Yards  of  the  Royal  Navy  of 
Great  Britain  and  Ireland.  By  Robert  Kipping,  N.A.  Thirteenth  Edition. 
Illustrated.    2s. 

54*.  IRON  SHIP-BUILDING.  With  Practical  Examples  and  Details 
for  the  Use  of  Ship  Owners  and  Ship  Builders.  By  John  Grantham,  Con- 
sulting Engineer  and  Naval  Architect.  Fifth  Edition,  with  important  Addi- 
tions.   4s. 

54**.  AN  ATLAS  OF  FORTY  PLATES  to  Illustrate  the  above. 

Fifth  Edition.  Including  tibe  latest  Examples,  such  as  H.M.  Steam  Frigates 
"Warrior,"  "Hercules,^'  " Bellerophon ; "  H.M,  Troop  Ship  "Serapis," 
Iroa  Floating  Dock,  &c.,  &c.    4to,  boards.    38s. 

55.  THE  SAILOR'S  SEA  BOOK:  a    Rudimentary  Treatise   on 

Navigation.  I.  How  to  Keep  the  Log  and  Woric  it  ofL  II.  On  Finding  the 
Latitude  and  Longitude.  By  Tames  Grbbnwood,  B  A.,  of  Tesus  CoUi^re, 
Cambridge.  To  wnich  are  added,  Directions  for  Great  Circle  Sailing ;  an 
Essay  on  the  Law  of  Storms  and  Variable  Winds ;  and  Explanations  of 
Terms  used  in  Ship-building.  Ninth  Edition,  with  several  Engravings  and 
Coloured  Illustrations  of  the  Flags  of  Maritime  Nations,    ss. 

80.  MARINE  ENGINES,  AND  STEAM  VESSELS,  a  Treatise 

on.  Together  with  Practical  Remarks  on  the  Screw  and  Propelling  Power, 
as  used  in  the  Royal  and  Merchant  Navy.  By  Robert  MurraV)  C.E., 
Engfaieer-Surveyor  to  the  Board  of  Trade.  WiA  a  Glossary  of  Technical 
Terms,  and  their  Equivalents  in  French,  German^  and  Spanish.  Fifth  Edition, 
revised  and  enlarged.    Illustrated.    3s. 
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Shipbuilding,  Navigation,  eXc.^  continued, 

«3*w.  THE  FORMS  OF  SHIPS  AND  BOATS:  Hints,  Experiment- 
ally Derived,  on  some  of  the  Principles  regulating  Ship-building*  By  W. 
Bland.  Sixtn  Edition,  revised,  with  numerous  Illustrations  and  Models,  is.  6d. 

99.  NA  VIGATION  AND  NA UTICAL  ASTRONOMY,  in  Theory 

and  Practice*    With  Attempts  to  £acilitate  the  Finding  of  the  Time  and  the 

Longitude  at  Sea.    By  J.  R.  Young,  formerly  Professor  of  Mathematics  in 

Belfast  College.    Illustrated.    2s.  6d. 
loo*.  TABLES  intended  10  facilitate  the  Operations  of  Navigation  and 

Nautical  Astronomy,  as'  an  Accompaniment  to  the  above  Book.    By  J.  R. 

YouNO.    IS.  6d. 
106.  SHIPS'  ANCHORS,  a  Treatise  on.     By  George  Cotsell, 

NA.    Illustrated,    is.  6d. 
149.  SAILS  AND    SAIL-MAKING,  an   Elementary   Treatise   on. 

With  Draughting,  and  the  Centre  of  Effort  of  the  Sails.     Also,  Weights 

and  Sizes  of  Ropes ;  Masting,  Rigging,  and  Sails  of  Steam  Vessels,  &c.,  &c. 

Tenth  Edition,  enlarged,  with  an  Appendix.    By  Robbrt  Kipping,  N.A., 

Sailmalcer,  Quayside,  Newcastle.    Illustrated.    2s.  6d. 
155.  THE   ENGINEER'S    GUIDE    TO    THE    ROYAL    AND 

•MERCANTILE  NAVIES.    By  a  Practical  Enginbbr.    Re\'ised  by  D. 

F.  McCarthy,  late  of  the  Ordnance  Survey  Office,  Southampton.    3s. 


PHYSICAL    SCIENCE,    NATURAL  'PHILO- 
SOPHY,  ETC. 

1.  CHEMISTRY,  for  the  Use  of  Beginners.    By  Professor  George 

FowNES,  F.R.S.  With  an  Appendix,  on  the  Application  of  Chemistry  to 
Agriculture,    is. 

2.  NATURAL  PHILOSOPHY,  Introduction  to  the  Study  of;  for 

the  Use  of  Beginners.    By  C.  Tomunson,  Lecturer  on  'Natural  Science  in 
King's  College  School,  London.    Woodcuts,    xs.  6d. 
4.  MINERALOGY,  Rudiments  of;  a  concise  View  of  the  Pi-operties 
of  Minerals.    By  A.  Rausay,  Jun.    Woodcuts  and  Steel  Plates.    3s. 

6.  MECHANICS,  Rudimentary  Treatise  on ;  being  a  concise  Ex* 

position  of  the  Oeneral  Principles  of  Mechanical  Science,  and  their  Applica- 
tions. By  Charles  Tom^ins6n,  Lecturer  on  Natural  Science  in  ling's 
College  School,  London.    Illustrated,    xs.  6d. 

7.  ELECTRICITY;  showing  the  General  Principles  of  Electrical 

Science,  and  the  purposes  to  which  it  has  heen  applied.  By  Sir  W.  Snow- 
Harris,  F.R.S.,  &c.  With  considerable  Additions  by  R.  Sabine,  CJE.,. 
F.S.A.  Woodcuts.  IS.  6d. 
7*.  GALVANISM,  Rudimentary  Treatise  on,  and  the  General  Prin- 
ciples of  Animal  and  Voltaic  Electricity.  By  Sir  W.  Snow  Harris.  New 
Edition,  revised,  with  considerable  Additions,  by  Robert  Sabine,  C.E., 
F.S.A.    Woodcuts.    xs.6d. 

8.  MAGNETISM;  being  a  concise  Exposition  of  the  General  Prin- 

ciples of  Magnetical  Science,  and  the  Purposes  to  which  it  has  been  applied. 
Bjr  Sir  W.  Snow  Harris,  riew  E<fition,  revised  and  enlarged  by  H.  M. 
NoAD,  Ph.D.,  Vice-President  of  the  Chemical  Society,  Author  of  **A 
Manual  of  Electricity,"  &c.,  &c.    With  X65  Wooocuts.    3s.  6d. 

11.  THE  ELECTRIC  TELEGRAPH;  its  History  and  Progress; 

withDescriptionsof  some  of  the  Apparatus.  By  R.  Sabine,  C.E.,  F.S.A.,  &c. 
Woodcuts.    3S. 

12.  PNEUMATICS,   for    the    Use    of   Beginners.     By   Cha&les 

Tomunson.    Illustrated,    xs.,  6d. 
72.  MANUAL  OF  THE  MOLLUSCA  ;  a  Treatise  on  Recoit  and 
Fossil  Shells.     By*  Dr.  S.  P.  Woodward,    A.L.S.     With  ATOoendix  by 
Ralph  Taxe,  A.L.S.,  F.G.S.     With  numerous  Plates  and  300  Wdodcuts^ 
6s.  6d.    Cloth  boards,  7s.  6d. 
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Physical  Science,  Natural  Philosophy,  etc.,  continued, 

79**.  PHOTOGRAPHY,  Popular  Treatise  on;  with  a  Description  of 
the  Stereoscope,  8tc.  Translated  from  the  French  of  D.  Van  MoNCKHOVBNr 
by  W.  H.  Thornthwaite,  Ph.D.    Woodcuts,    is.  6d. 

96.  ASTRONOMY.     By  the  Rev.  R.  Main,  M.A.,  F.R.S.,  &c. 

New  and  enlarged  Edition,  with  an  Appendix  on  "  Sfectrum  Analysis." 
Woodcuts.    IS.  6d. 

97.  STATICS  AND  DYNAMICS,  the  Principles  and  Practice  of;        ^ 

embracing  also  a  cleat  development  of  Hydrostatics,.  Hydrodynamics,  and 
Central  Forces.  By  T.  Baker,  C.E.  is.  6d. 
138.  TELEGRAPH,  Handbook  of  the;  a  Manual  of  Telegraphy, 
Telegraph  Clerks'  Remembrancer,  and  Guide  to  Candidates  for  Employ- 
ment in  the  Telegraph  Service.  By  R.  Bo^d.  Fourth  Edition,  revised  and 
enlarged  :  to  which  is  appended,  QUESTIONS  on  MAGNETISM,  ELEC- 
TRICITY, and  PRACTICAL  TELEGRAPHY,  for  the  Use  of  Students, 
by  W.  McGregor,  First  Assistant  Superintendent,  Indian  Gov.  Telegraphs. 
Woodcuts.    3s. 

\/^l.  EXPERIMENTAL    ESSAYS,      By    Charles  '  Tomlinson. 

I.  On  the  Motions  of  Camphor  on  Water.  II.  On  the  Motion  of  Camphor 
towards  the  Light.  III.  Historyof  the  Modern  Theory  of  Dew.  Woodcuts,  is. 
173,  PHYSICAL  GEOLOGY,  parUy  based  on  Major-General  Port- 
lock's  "  Rudiments  of  Geology."  By  Ralph  Tate,  A.L.S.,  &c.  Numerous 
Woodcuts.    2S. 

11^,  HISTORICAL    GEOLOGY^    par^y    based    on    Major-General 

Portlock's  "Rudiments."  By  Ralph  Tate,  A.L.S.,  &c.  Woodcuts.  2s. 6d. 

173  RUDIMENTARY  TREATISE  ON  GEOLOGY,  Physical  and 

^  Historical.  Partly  based  on  Major-General  Portlock's  ^*Rudimeiits  of 
J-.       Geology."    By  Ralph  Tate,  A.L.S.,  F.G.S.,  &c.,  &c.    Numerous  lUustra- 

't"     tions.    In  One  Volume,    4s.  6d. 

183.  ANIMAL  PHYSICS,  Handbook  of.    By  Dionysius  Lardner, 
^       D.C.L.,  formerly  Professor  of  Natural  Philosophy  and  Astronomy  in  Uni- 
versity  College,  London.    With  520  Illustrations.     In  One  Volume,  cloth 
1 04.      boards.    7s.  6d. 

%*  Sold  also  in  Two  PariSy  as  follows  : — 

183.  Animal  Physics.    By  Dr.  Lardnkr.    Part  I.,  Chapter  I— VII.    4s. 

184.  Animal  Physics.    By  Dn  Lardnbr.    Part  11.  Chapter  VIII— XvIII.    3s. 


MINING,    METALLURGY,    ETC. 

ii'j.' SUBTERRANEOUS  SURVEYING,  Elementary  and  Practical 
Treatise  on,  with  and  without  the  Magnetic  Needle.  By  Thomas  Fenwick, 
Surveyor  of  Mines,  and  Thomas  Bakbr,  C.E.    Illustrated.    2S.  6d. 

133.  METALLURGY  OF  COPPER  ;  an  Introduction  to  the  Methods 

of  Seeking,  Mining,  and  Assaying  Copper,  and  Manufacturing  its  Alloys. 
By  Robert  H.  Lamborn,  Ph.£).    Woodcuts.    2s.  6d. 

134.  METALLURGY  OF  SILVER  AND  LEAD,     A  Bescription 

■    of  the  Ores ;  their  Assay  and  Treatment,  and  valuable  Constituents.    By  Dr.. 
R.  H.  Lamborn.    Woodcuts.    2s. 

135.  ELECTRO-METALLURGY;  Practically  Tt-eated.     By  Alex- 

ander Watt,  F.R.S.S.A.  New  Edition,  enlarged.  Woodcuts,  as.  6d. 
172.  MINING  TOOLS,  Manual  of.  For  the  Use  of  Mine  Managers, 
Agents,  Students,  &c.  Comprising  Observations  on  the  Materiab  from,  and 
Processes  by,  which  they_  are  manufactured ;  their  Special  Use?,  Applica- 
tions, Qualities,  and  ££Eiciency.  By  William  Morgans,  Lecturer  on  Mining 
at  the  Bristol  School  of  Mines.  2s.  6d. 
172*.  MINING  TOOLS,  ATLAS  of  Engravings  to  Illiistrate  the. 
above,  containing  235  Illustrations  of  Mining  Tools,  drawn  to  Scale.  4to. 
4s.  6d. 
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Mining,  Metallurgy,  eXc,^  continued. 

176.  METALLURGY  OF  IRON,  a  Treatise  on  the.  Containing 
Outlines  of  the  History  of  Iron  Mannfacture,  Methods  of  Assay,  and  Analyses 
of  Iron  Ores,  Processes  of  Manufacture  of  Iron  and  Steel,  &c.  By  H. 
Baubrman,  F.G.S..  Associate  of  the  Royal  School  of  Mines.  Fourtli 
Edition,  revised  and  enlarged,  with  numerous  Illustrations.    4s.  6d. 

180.  COAL  AND  COAL  MINiNG :  A  Rudimentary  Treatise  on. 
By  Warington  W.  Smyth.  M.A.,  F.R.S.,  &c.,  Chief  Inspector  of  the 
Mines  of  the  Crown  and  ot  the  Duchy  of  Con)walI.  New  Edition,  revised 
and  corrected.    With  numerous  Illustrations.    3s.  6d. 


EMIGRATION. 

154.  GENERAL  HINTS  TO  EMIGRANTS,    Containing  Notices 

of  the  various  Fields  for  Emurration.     With  Hints  on  Preparation  for 
Emigrating,  Outfits,  &c.,  ttc.    With  Directions  and  Recipes  nseful  to  the 
Emigrant.    With  a  Map  of  the  World.    2s. 
157.  THE  EMIGRANTS   GUIDE   TO   NATAL.      By  Robert 

,  JAMSS  Mann,   F.R.A.S.,  F.M.S.    Second  Edition,  carefully  corrected  to 
the  present  Date.    Map.    2s. 

159.  THE  EMIGRANTS  GUIDE  TO  AUSTRALIA,  New  South 

Wales t  Western  Australia^  South  Australia^  Victoria,  and  Qiteensland.   ISif 
the  Rev.  Jambs  Baird,  B.A.    Map.    2s.  6d. 

160.  THE  EMIGRANT'S  GUIDE   TO   TASMANIA  and  NEW 

ZEALAND.    By  the  Rev.  James  Baird,  B.A.    With  a  Map.    2s, 
i^^SlTHE  emigrants  guide  to  AUSTRALASIA.    By  the 
160.    Rev*  J-  Baird,  B.A.    Comprising  the  above  two  volumes,  i2mo,  cloth  boards. 
With  Maps  of  Australia  and  New  Zealand.    5s. 


AGRICULTURE. 

29.  THE  DRAINAGE   OF  DISTRICTS  AND  LANDS,      By 

G.  Drvsdalb  Dkmpsey,  C.E.    Illustrated,    is.  6d. 
%•  With  **  Drainage  of  Towns  and  Buildings,**  in  One  Vol.,  ys.  6d, 

63.  AGRICULTURAL  ENGINEERING:  Farm  Buildings,  Motive 
Powers  and  Machinery  of  the  Steading,  Field  Machines,  and  Implements. 
By  G.  H.  Andrews,  C.E.    Illustrated.    3s. 

66.  CLAY   LANDS    AND    LOAMY    SOILS.       By    Professor 

Donaldson,    is. 
131.  MILLER'S,  MERCHANTS,  AND   FARMER'S  READY 

RECKONER,  for  ascertaining  at  sight  the  value  of  any  quantity  of  Com, 
from  One  Bushel  to  One  Hundred  Quarters,  at  any  given  price,  from  £ito 
£s  per  Quarter.  Together  with  the  approximate  values  of  Millstones  and 
Millworlc,  &c.    IS. 

140.  SOILS,  MANURES,  AND  CROPS.    (VoL  i.  Outlines  of 

Modern  Farming.)    By  R.  Scott  Burn.    Woodcuts.    2s. 

141.  FARMING  AND  FARMING  ECONOMY,  Notes,  Historical 

and  Practical,  on.  (Vol.  2.  Outlines  op  Modern  Farming.)  By  R.  Scott 
Burn.    Woodcuts,  js. 

142.  STOCK;    CATTLE,    SHEEP,    AND    HORSES.      (Vol.    3. 

Outunbs  of  Modern  Farming.)    By  R.  Scott  Burn.  Woodcuts.    2s.  6d. 

145.  DAIRY,  PIGS,  AND  POULTRY,  Management  of  the.     By 

R.  Scott  Burn.  With  Notes  on  the  Diseases  of  Stock.  (Vol.  4.  Outunes 
OF  Modern  Farming.)    Woodcuts.    2s. 

146.  UTILIZATION     OF     SEWAGE,      IRRIGATION,      AND 

RECLAMATION  OF  WASTE  LAND.    (Vol.  s-  Outlines  of  Modern 
Farming.)    By  R.  Scott  Burn.    Woodcuts.    2s.  od. 
•»•  Nq«.  140-1-2-5-6,  in  One  Vol.,  handsomely  half-bound,  entitled  "  Outlines  of 
Modern  Farming.**    By  Robert  Scott  Burn.    Price  12s. 
177.  FRUIT  TREES,  The  Scientific  and  Profitable  Culture  of.  From 

the  French  of  Du  Brbuil,  Revised  by  Gso.  Glenny.   187  Woodcuts.   3s.  6d. 
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FINE  ARTS, 

20.  PERSPECTIVE  FOR  BEGINNERS,  Adapted  to  Young 
Stud^its  and  Amateurs  in  Architecture,  Painting:,  &c.  By  Gborge  Pyne. 
Artist.    Woodcuts,    as. 

40    GLASS  STAINING;  or.  Painting  on  Glass,  The  Art  of.    Com- 

&       prising  Directions  for  Preparing  the  Pigments  and  Fluxes,  laying  them  upon 

41.  *Sr®  Glass,  and  Firing  or  Burning  in  the  Colours,  From  the  German  of  I>r. 
,  ^  .  Gessert.  To  which  is  added,  an  Appendix  on  The  Art  of  Enameluxg, 
&c.,  with  The  Art  of  Painting  on.  Glass.  From  the  German  of  Emanuel 
Otto  Fromberg.    In  One  Volume,    as.  6d.  * 

69.  MUSICy  A  Rudimentary  and  Practical  Treatise  on.  With 
numerous  Examples.    By  Charles  Child  Spe1«cer.    as.  6d. 

71.  PIANOFORTE,  The  Art  of  Playing  the.  Witn  numerous  Exer- 
cises and  Lessons.  Written  and  Selected  from  the  Best  Masters,  by  Charles 
Ohild  Sphncexl      is  6d 

181.  PAINTING  POPULARLY  EXPLAINED,  including  Fresco, 
Oil,  Mosaic,  Water  Colour,  Water-Glass,  Tempera,  Encaustic,  Miniature, 
Pamting  on  Ivon',  Vellum,  Pottery,  Enamel,  Glass,  &c.  With  Historical 
Sketches  of  the  Progress  of  the  Art  by  Thomas  John  Gullick,  assisted  by 
John  Times,  F.S.A.  Third  Edition,  revised  and  enlarged,  with  Frontispiece 
and  Vignette.    5s. 

186.  A  GRAMMAR  OF  COLOURING,  applied  to  Decorative 
Painting  and  the  Arts.  By  George  Field.  New  Edition,  enlarged  and 
adapted  to  the  Use  of  the  Ornamental  Painter  and  Designer.  By  Ellis  A. 
Davidson,  Author  of  "  Drawing  for  Carpenters,"  &c.  With  two  new 
Coloured  Diagrams  and  numerous  Engravings  on  Wood.    as.  6d. 


ARITHMETIC,   GEOMETRY,  MATHEMATICS, 

ETC. 

32.  MATHEMATICAL  INSTRUMENTS,  a  Treatise  on;  in  which 
their  Construction  and  the  Methods  of  Testing,  Adjusting,  and  Using  them 
are  conciselv  Explained.     By  J,  F.  Heather,  M.A..  of  the  Royal  Military 
Academy,  Woolwich.    Original  Edition,  in  i  vol.,  Illustrated,    xs.  6d. 
•«♦  In  orderingihe  above  ^  be  careful  to  say^  **  Original  Edition^*  or  give  the  nuntbet 
in  the  Series  (32)  to  distinguish  it  from  the  Enlarged  Edition  in  3  vols. 
{Nos.  168-0-70.) 
60,  LAND  AND  ENGINEERING  SURVEYING,  a  Treatise  on; 
with  all  the  Modem  Improvements.    Arranged  for  the  Use  of  Schools  and 
Private  Students ;  also  for  Practical  Land  Surveyors  and  Engineers.     By 
T.  Baker,  C.E.     New  Edition,  revised  by  Edward  Nugent,  C.E,     Illus- 
trated with  Plates  and  Diagrams,    as. 
i:>\*,  READY  RECKONER  FOR  THE  ADMEASUREMENT  OF 
LAND.    By  Abraham  Armak,  Schoolmaster,  Thurleigh,  Beds.     To  whkh 
is  added  a  Table,  showing  the  Price  of  Work,  from  2s.  6a.  to^^x  per  acre,  and 
Tables  for  the  Valuation  of  Land,  from  xs.  to  ;f  x,ooo  per  acre,  and  from  one 
pole  to  two  thousand  acres  in  extent,  8cc.,  &c.    xs.  6d. 
76.  DESCRIPTIVE  GEOMETRY,  an   Elementary   Treatise   on; 
with  a  Theory  of  Shadows  and  of  Perspective,  extracted  from  the  French  of 
G.  Mqnge.    To  which  is  added,  a  description  of  the  Principles  and  Practice 
of  Isometrical  Projection ;  the  whole  being  intended  as  an  introduction  to  the 
■  Application  of  Descriptive  Greometr^  to  various  branches  of  the  Arts.    By 
J.  F.  Heather,  M^A.    Illustrated  with  14  Plates. .  2s. 
178,  PRACTICAL   PLANE    GEOMETRY:    giving    the    Sunplest 
Modes  of  Constrixcting  Figures  contained  in  one  Plane  apd  Geometrical  Con- 
struction of  the  Gh-ound.  By  J.  F.  Heather,  M. A.  With  215  Woodcuts,  as. 
479.  PROyECTION :  Orthographic,  Topographic,  and  Pei^pect^ve: 
giving  the  various  Modes  of  Delineating  Solid  Forms  by  Constructions  on  a 
Single  Plane  Surface.    By  T.  F.  Heather,  M.A.  [/«  preparation. 

*«*  Ihe  above  three  volumes  will  form  a  Complete  Elementary  Course  of 
Mathematical  Drawing. 
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Arithmetic,  Geometry,  Mathematics,  etc.,  continued, 

S^.  COMMERCIAL  BOOK-KEEPJNG,  With  Commercial  Phrases 
i.and  Forms  in  English,  French,  Italian,  and  German.  By  James  Haddon,. 
M  J\..,  Arithmetical  Master  of  King's  College  School,  London,    is. 

84.  ARITHMETIC,  a  Rudmientary  Treatise  on :  with  fuU  Explana- 

tions  of  its  Theoretical  Principles,  and  numerous  Examples  for  Practice.  For 
the  Use  of  Schools  and  for  Self- Instruction.  Br  J.  R.  Young,  late  Professor 
of  Mathematics  in  Belfast  College.    New  Edition,  with  Index,    is.  6d. 

84*  A  Key  to  the  above,  containing  Solutions  in  full  to  the  Exercises,  together 
with  Comments,  Explanations,  and  Improved  Processes,  for  the  Use  of 
Teachers  and  Unassisted  Learners.    By  y  R.  Young,    is.  6d. 

85.  EQUA  TIONAL  ARITHMETIC,  applied  to  Questions  of  Interest, 
85*.   Annuities,  Life  Assurance,  and  General  Commerce  ;  with  various  Tables  bj- 

which  all  Calculations  may  be  greatly  facilitated.    By  W.  Hipsley.    2s. 

86.  ALGEBRA,    the   Elements    of.      By  James  Haddon,   M.A., 

Second  Mathematical  Master  of  King's  College  School.  With  Appendix,, 
containing  miscellaneous  Investigations,  and  a  Collection  of  Problems  in 
various  parts  of  Algebra.  2s. 
86*  A  Key  and  Companion  to  the  above  Book,  forming  an  extensive  repository  of 
Solved  Examples  and  Problems  in  Illustration  of  the  various  Expedients, 
necessary  in  Algebraical  Operations.  Especially  adapted  for  Self-Instruc- 
tion.   By  J.  R.  Young,    is.  6d. 

88.  EUCLID,  The  Elements  of  :  with  many  additional  Propositions 
So.     and  Explanatory  Notes :  to  which  is  prefixed,  an  Introductory  Essay  on 
Logic.    By  Henry  Law,  C.E.    as.  6d. 

*»*  Sold  also  separately y  viz.  : — 

88.  Euclid,  The  First  Three  Books.    By  Henry  Law,  C.E.    is. 

89.  Euclid,  Books  4,  5,  6,  11,  12.    By  Henry  Law,  C.E.    is.  6d. 

90.  ANALYTICAL     GEOMETRY  AND    CONIC    SECTIONS,. 

a  Rudimentary  Treatise  on.  By  James  Hann,  late  Mathematical  Master  of 
King's  College  School,  Londqn.  A  New  Edition,  re -written  and  enlarged 
by  J.  R.  Young,  formerly  Professor  of  Mathematics  at  Belfast  College,     as. 

91.  PLANE    TRIGONOMETRY,  the   Elements    of.     By  James 

Hann,  formerly  Mathematical  Master  of  King's  College,  London,    is. 

92.  SPHERICAL  TRIGONOMETR  Y,  the  Elements  of.    By  James- 

Hann.    Revised  by  Charles  H.  Dowling,  C.E.    is. 
%•  Or  -with  "  The  Elements  of  Plane  Trigonometry,^*  in  One  Volume,  zs, 

93.  MENSURATION  AND  MEASURING,  for  Students  and  Prac- 

tical Use.  With  the  Mensuration  and  Levelling  of  Land  for  the  Purposes  of 
Modern  Engineering.  By  T.  Baker,  C.E.  New  Edition,  with  Corrections 
and  Additions  by  E.  Nugent,  C.E.    Illustrated,     is.  6d. 

94.  LOGARITHMS,   a  Treatise  on;  with  Mathematical  Tables  for 

facilitating  Astronomical,  Nautical,  Trigonometrical,  and  Logarithmic  Calcu- 
lations ;  Tables  of  Natural  Sines  and  Tangents  and  Natural  Cosines.  By 
Henry  Law,  C.E.  Illustrated.  2s.  6d. 
loi*.  MEASURES,  WEIGHTS,  AND  MONEYS  OF  ALL  NA- 
TIONSj  and  an  Analysis  of  the  Christian,  Hebrew,  and  Mahometaz* 
Calendars.    By  W.  S.  B.  Woolhousb,  F.R.A.S.,  &c.    is.  6d. 

102.  INTEGRAL   CALCULUS,  Rudimentary  Treatise  on  the.     By 

Homersham  Cox,  B.A.    Illustrated,    is. 

103.  INTEGRAL  CALCULUS,  Examples  on  the.    By  James  Hann^ 

late  of  King's  College,  London.    Illustrated,    is. 

loi.  DIFFERENTIAL  CALCULUS,  Examples  of  the.  By  W.  S.  B. 
WooLHOUSE,  F.R.A.S.,  &c.    is.  6d. 

104.  DIFFERENTIAL  CALCULUS,  Examples  and  Solutions  of  the. 

By  James  Haddon,  M.A.    is. 
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Arithmetic,  Geometry,  Mathematics,  etc.,  continued, 
105.  MNEMONICAL    Z£SSOI^S.  —  Geometry,    Algebra,    ani> 

Trigonometry,  in  Easy  Mnemonical  Lessons.  By  the  Rev.  Thomas- 
Pbnyngton  Kjrkman,  M.A.    is.  6d. 

136.  ARITHMETIC,  Rudimentary,  for  the  Use  of  Schools  and  Self^ 

Instruction.  By  Jambs  Haddon,  M.A.  Revised  by  Abraham  Arman- 
is. 6d. 

137.  A  Key  to  Haddon's  Rudimentary  Arithmetic.    By  A.  Arman.    is.  6d. 
147.  ARITHMETIC,  Stepping-Stone  to;  being  a  Complete  Course 

of  Exercises  in  the  First  Four  Rules  (Simple  and  Componnd)»  on  an  entirely 
new  principle.  For  the  Use  of  Elementaty  Schools  of  every  Grrade.  Intended 
as  an  Introduction  to  the  more  extended  works  on  Arithmetic.  By  AoRAHAAr 
Arman.    is.  * 

J 48.     A  KLey  to  Stepping-Stonb  to  Arithmetic.    By  A.  Arman.    is. 

158.  THE  SLIDE  RULE,  AND  HOJV  TO  USE  IT;  containing: 
full,  easy,  and  simple  Instructions  to  perform  all  Business  Calculations  with 
unexampled  rapioity  and  accuracy.  By  Charles  Hoare,  CJE.  With  a 
Slide  Rule  in  tuck  of  cover.    3s. 

168.  DRAWING  AND  MEASURING  INSTRUMENTS.    Include 

ing^ — I.  Instruments  employed  in  Geometrical  and  Mechanical  Drawings 
and  jn  the  Construction,  Copying,  and  Measurement  of  Maps, and  Plans.. 
II.  Instruments  used  for  tiie  purposes  of  Accurate  Measurement,  and  for 
Arithmetical  Computations.  By  J.  F.  Heather,  M.A^  late  of  the  Royal 
Military  Academy,  Woolwich,  Author  of  "  Descriptive  Geometry,"  «tc.,  &c. 
Illustrated,    is.  6a. 

169.  OPTICAL  INSTRUMENTS.    Including  (more  especiaUy)  Tele- 

scopes, Microscopes,  and  Apparatus  for  producing  copies  of  Maps  and  Plans- 
by  Photography.    By  J.  F.  Heather,  MJV.    Illustrated,    is.  6d. 

170.  SURVEYING   AND   ASTRONOMICAL   INSTRUMENTS. 

Including^-I.  Instruments  Used  for  Determining  the  Geometrical  Features 
of  a  portion  of  Ground.  II.  Instruments  Employed  in  Astronomical  Observa- 
tions.   By  J.  F.  Heather,  M.A.    Illustrated,    is.  6d. 
%*  The  above  three  volumes  form  an  enlargement  of  the  Author's  original  work, 
**  Mathematical  Instruments:  their  Construction^  Adjustment y  Testing^andUse,^* 
the  Eleventh  Edition  o/vohich  is  on  sale,  price  is.  6d.  (See  No,  32  in  the  Series,) 

t68.^  MATHEMATICAL  INSTRUMENTS.  By  T.  F.  Heather, 
169*  r  M  Jk.  Enlarged  £tf  tioa,  for  the  most  part  entirely  re-wntten.  The  3  Piarts  as- 
170.  J  above^  in  One  thick  Volume.  With  numerous  Illustrations.  Cloth  boards.  5s.. 
185.  THE  COMPLETE  MEASURER ;  setting  forth  the  Measure- 
ment < '  '  ~  "'  .  ..  -  ^  .,  ,  ^  . 
sided, 

ances  1^. .- ^ ^ , ^--^ 

for  the  waste  in  hewing  the  trees,  &c. ;  also  a  Table  showing  the  solidity  of 
h^wn  or  eight-sided  timben  or  of  any  octagonal-sided  colunm.  Compiled 
for  the  accommodation  of  Timber-growers,  Merchants,  and  Surveyors^ 
'.Stonemasons,  Architects,  and  others.  By  Richard  Horton.  Third 
Edition,  with  considerable  and  valuable  additions.    4s.     [Just  published. 


LEGAL    TREATISES. 


50.  THE  LAW  OF  CONTRACTS  FOR  WORKS  AND.  SER- 
VICES, By  David  Gibbons.  Third  Edition,  revised  and  considerably 
enlarged.    3s.  i  Just  published, 

lU,  A  HANDY  BOOK  ON  THE  LAW  OF  FRIENDLY,  IN^ 
DUSTRIAL  ^  PROVIDENT  BUILDING  &-  LOAN  SOCIETIES^ 
With  copiots  Notes.    By  Nathaniel  White,  of  H.M.  Civil  Service,    is. 

163.  THE  LAW  OF  PATENTS  FOR  INVENTIONS;  and  on 
the  Protection  of  Designs  and  Trade  Marks.  By  F.  W.  Campin,  Barrister- 
at-Law.    2S. 
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MISCELLANEOUS    VOLUMES. 

36.  A  DICTIONARY  OF  TERMS  used  in  ARCHITECTURE, 
BUILDING,  ENGINEERING,  MINING,  METALLURGY,  ARCHM- 
OLOGVJhe  FINE  ARTS,  6,^.  ByToHNWKALB.  Fifth  Edition.  Revised 
by  Robert  Hunt,  F.R.S.,  Keeper  of  Mining  Records.  Numerous  Illus- 
trations.   5s. 

112.  MANUAL  OF  DOMESTIC  MEDICINE.    By  R.  Gooding, 

B.A.,  M.B.     Intended  as  a  Family  Guide  in  all  Cases  of  Accident   and 
Emergency,    as. 
f  I2».  MANAGEMENT  OF  HEALTH.     A  Manual  of  Home  and 
Personal  Hygiene.    By  the  Rev.  James  Baird,  B.A.    is. 

1 13.  FIELD  ARTILLER  Y  ON  SER  VICE.    By  Taubert,  Captain 

Prussian  Artillery.    Translated  by  Lieut.>Col.  H.  H.  Maxwell,    is.  6d. 
^il''.  SWORDS,  AND  OTHER  ARMS.  By  CoL  Marey.  Translated 

by  Col.  H.  H.  Maxwell.    With  Plates,    is. 
150.  LOGIC,   Pure    and    Applied.       By   S.   H.   Emmens.       Third 

Edition,    is.  6d. 
152.  PRACTICAL  HINTS  FOR  INVESTING   MONEY.    With 

an  Explanation  of  the  Mode  of  Transacting  Business  on  the  Stock  Exchange. 

By  Francis  Playford,  Sworn  Broker,    is.  6d. 

I SS.  SELECTIONS  FROM  LOCKE'S  ESSAYS  ON  THE 
HUMAN  UNDERSTANDING.    With  Notes  by  S.  I^.  Eimens.    2s. 

193.  HANDBOOK  OF  FIELD  FORTIFICATION,  intended  forthe 
Guidance  of  Officers  Preparing  for  Promotion,  and  especially  adapted  to  the 
requirements  of  Beginners.  By  Major  W.  W.  KNOLLYS,  F.R.G.S.,  93rd 
Sutherland  Highlanders,  &c.    With  163  Woodcuts.    3s. 

i94.  HOUSEHOLD  MANAGEMENT:  Being  a  Guide  to  House, 
keeping,  Practical  Cookery,  Pickling  and  Preserving,  Household  Work, 
Dairy  Management,  the  Table  and  Dessert,  Cellarage  01  Wines,  Home-brew- 
ing and  Wine-making,  the  Boudoir  and  Dressing-room,  Travelling,  Stable 
Economy,  Gardening  Operations,  8tc.    By  An  Old  Housekeeper.    3s.  6d. 


IIDTTCATIONAL  AND  CLASSICAL  SERIES. 


HISTORY. 


I.  England,  Outlines  of  the  History  of  5  more  especially  with 

reference  to  the  Origin  and  Progress  of  the  English  Constitution.  A  Text 
Book  for  Schools  and  Colleges.  By  William  Douglas  Hamilton.  F.S.A., 
of  Her  Majesty's  Public  Record  Office.  Fourth  Edition,  revised  and  brought 
down  to  1872.    Maps  and  Woodcuts.    5s. ;  cloth  boards,  6s. 

5.  Greece,  Outlines  of  the  History  of ;  in  connection  with  the 
Rise  of  the  Arts  and  Civilization  in  Europe.  By  W.  Douglas  Hamilton, 
of  University  College,  London,  and  Edward  Lbvibn,  M.A.,  of  Balliol 
College,  Oxford,    as.  6d. ;  cloth  boards,  1%,  6d. 

7.  Rome,  Outlines  of  the  History  of:  from  the  Earliest  Period 

to  the  Christian  Era  and  the  Commencement  of  the  Decline  of  tiie  Empire. 
By  EdwaAd  Levien,  of  Balliol  College,  Oxford.  Map,  2s.  6d. ;  cl.  bds.  3s.  6d.. 

9.  Chronology  of  History,  Art,  Literature^  and  Progress, 

from  the  Creation  of  the  World  to  the  Conclusion  of  the  Franco-German 
War.  The  Continuation  by  W.  D.  Hamilton,  F.S«A.,  of  Her  Majesty's 
Record  OflSce.    3s. ;  cloth  boards,  3s.  6d. 

50.  Bates  and  Events  in  English  History,  for  the  nse  of 

Candidates  in  Public  and  Private  Examinations.    By  the  Rer.  E.  Rand.    is. 
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ENGLISH    LANGUAGE    AND    MISCEL- 
LANEOUS. 

11.  Grammar  of  the  English  Tongue,  Spoken  and  Written. 

With  an  Introduction  to  the  Study  of  Comparative  Philology.    By  Hydb 
Clakkb,  D.C.L.    Third  Edition,    is.  ej        ^ 

II*.  Philology :  Handbook  of  the  Comparative  Philology  of  English^ 
Anglo-Saxon.  Frisian,  Flemish  or  Dutch,  Low  or  Piatt  Dutch,  High  Dutch 
or  Grerman,  Danish,  Swedish,  Icelandic,  Latin,  ItaliMi,  French,  Spanish,  and 
Portuguese  Tongues.    By  Hyde  Clarke,  D.C.L.    is. 

12.  Dictionary  of   the  English    Language,  as  Spoken  and 

Written.     Containing  above  100,000  Words.    By  Hyde  Clarke,  D.C.L. 
38.  6d. ;  cloth  boards,  4s.  6d. ;  complete  with  the  Grammar,  cloth  bds.,  5s.  6d. 

48.  Composition  ^d    Punctuation,  familiarly  Explained   for 

those  who  have  neglected  the  ^Study  of  Grammar. .  By  Justin  Brbnan. 
16th  Edition,    is. 

49.  Derivative  Spelling-Book:  Giving  the  Origin  of  Every  Word 

from  the  Greek,  Latin,  Saxon,  German,  Teutonic,  Dutch,  French,  Spanish,, 
and  other  Languages ;  with  their  present  Acceptation  and  Pronunciation. 
;  By  J.  RowBOTHAM,  F.R.A.S.    Improved  Edition,    is.  6d.     . 

I  51.  The  Art  of  Extempore  Speaking:  Hints  for  the  Pulpit,  the 

Senate,  and  the  Bar.    By  M.  Bautain,  Vicar- General  and  Professor  at  the 
i  Sorbonne.    Translated  from  the  French.    Fifth'  Edition,  carefully  corrected. 

I  as.  6d. 

52.  Mining  and  Quarrying,  ymth  the  Sciences  connected  there- 
with. First  Book  of,  for  Schools.  By  J.  H.  Colons,  F.G.S.,  Lecturer  to 
the  Miners'  Association  of  Cornwall  and  Devon,    is. 

53.  Places  and  Facts  in  Political  and  Physical  Geography, 

for  Candidates  in  Public  and  Private  Examinations.    By  the  Rev.  Edgar 
Rand,  B.A.    is. 

54.  Analytical  Chemistry,  Qualitative  and  Quantitative,  a  Course 

of.   To  which  is  prefixed,  a  Brief  Treatise  upon  Modem  Chemical  Nomencla.- 
ture  and  Notation.    By  Wm.  W.  Pink,  Practical  Chemist,  &c.,  and  George 
,       £.  Webster,  Lecturer  on  Metallurgy  and  the  Applied  Sciences,  Notting- 
ham.    2S. 

THE    SCHOOL    MANAGERS'    SERIES   OF  READING 

BOOKS, 

Adapted  to  the  Reauirements  of  the  New  Code.  Edited  by  the  Rev.  A.  R.  Grant, 
Rector  of  Hitcham,  and  Honorary  Canon  of  Ely ;  formerly  H.M.  Inspector 
of  Schools. 

Introductory  Prikbr,  yf, 

s,  d.  I  s.   d. 

First  Standard     .       .    o    6   I   Fourth  Standard       ..,12 
Second      „  .       .    o  10   I   Fifth  „       .       .       .       .16 

Third        „  .       .    i    o   |   Sixth  „       .       .       .       .16 

Lessons  from  the  Bible.    Part  I.    Old  Testament,    is. 
Lessons  from  the  Bible.     Part  II.    New  Testament,  to  which  is  added 
The  Geography  of  the  Bible,  for  very  young  Children.    By  Rev.  C. 
Thornton  FoRSTER.    is.  2d.    %*  Or  the  Two  Parts  in  One  Volume.  2s. 


FRENCH. 

24;  French  Grammar.    With  Complete  and  Concise  Rules  on  the 
Genders  of  French  Nouns.    By  G.  L.  Strauss,  Ph.D.    is. 

25.  French-English  Dictionary.    Comprising  a  large  number  of 

New  Terms  used  in  Engineering,  Mining,  on  Railways,  &c.     By  Alfred 
Elwbs.    is.  6d. 

26.  English-French  Dictionary.    By  Alfred  Elwes.    2s. 
25,26.  French  Dictionary  (as  above).    Complete,  in  One  Vol.,  3s* ; 

cloth  boards,  3s.  6d.    \*  Or  with  the  Grammar,  cloth  boards,  4s.  6d. 
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French,  contimud, 
47.  French   and    English   Phrase   Book :    containing  Intro- 

dnctory  Lessons,  with  Translations,  for  the  convenience  of  Students ;  several 
Vocabalaries  of  Words,  a  Collection  of  suitable  Phrases,  and  Easy  Familiar 
Dialogues,    is. 

GERMAN. 

39.  German  Grammar.      Adapted   for  English   Students,  from 

Heyse's  Theoretical  and  Practical  Grammar,  by  Dr.  G.  L.  Strauss,    is. 

40.  German  Reader :  A  Series  of  Extracts,  carefully  cull^  from  the 

most  approved  Authors  of  Germany;  with  Notes,  Philological  and  £x- 
planatoiy.    By  G.  L.  Strauss,  Ph.D.    11.  ' 

41.  German  Triglot  Dictionary.     By  Nicholas  Esterhazy» 

S.  a.  Hamiilton.    Part  I.  English  .German-French,    xs. 

42.  German    Triglot    Dictionary.      Part  IL   German-French- 
English.    IS. 

43.  German  Triglot  Dictionary.      Part  HI.   French-German- 

English.    IS. 
41-43.  German  Triglot  Dictionary  (as  above),  in  One  VoL,  3s.  ; 
cloth  boards,  4s.    *«*  Or  with  the  GbrmAn  Grammar,  cloth  boards,  5s. 


ITALIAN- 

27.  Italian  Grammar,  arranged  in  Twenty  Lessons,  with  a  Course 

of  Exercises.    By  Alfrbd  Elwbs.    is. 

28.  Italian  Triglot  Dictionary,  wherein  the  Genders  of  all  the 

Italian  and  French  Nouns  are  carefully  noted  down.    By  Alfred  Elwes. 
Vol.  I.  Italian-English-French.    2s. 

30.  Italian    Triglot    Dictionary.      By  A.  Elwes.      Vol.  2. 

English-French-Italian.    as. 

32.  Italian  Triglot  Dictionary.     By  Alfred  Elwes.    VoL  3. 

French-Italian-English.    as. 

28,30,  Italian  Triglot  Dictionary  (as  above).    In  One  VoL,  6s.: 
32.      cloth  boards,  78.  6d.     *#*  Or  with  the  Italian  Grammar,  cloth  bds.,  8s.  §d. 


SPANISH  AND  PORTUGUESE. 

34.  Spanish  Grammar,  in  a  Simple  and  Practical  Form.    With 

a  Course  of  Exercises.    By  Alfred  Elwes.    is.  6d. 

35.  Spanish-English   and   English-Spanish    Dictionary. 

Including  a  large  number  of  Technical  Terms  used  in  Mining,  Engineering,  &c., 
with  the  proper  Accents  and  the  Gender  of  every  Noun.  By  Alfred  Elwes. 
4s. ;  cloth  boards,  5s.  *#*  Or  with  the  Grammar,  cloth  boards,  6s. 
55.  Portuguese  Grammar,  in  a  Simple  and  Practical  Form. 
With  a  Course  of  Exercises.  By  Alfred  Elwes,  Author  of  "  A  Spanish 
Grammar,"  &c.    is.  6d.  •  iJmi  published. 


HEBREW. 

46*.  Hebrew  Grammar.    By  Dr.  Brksslau.    is.  6d. 
44.  Hebrew  and  English  Dictionary,  Biblical  and  Rabbinical ; 

containing  the  Hebrew  and  Chaldee  Roots  of  the  Old  Testament  Post- 
Rabbinical  Writings.  By  Dr.  Brbsslau.  6s.    %•  Or  with  the  Grammar,  7s. 

46.  English  and  Hebrew  Dictionary.    By  Dr.  Brksslau.    3s. 
44,46.  Hebrew  Dictionary  (as  above),  in  Two  V<ds.,  complete,  with 
46*.      the  Grammar,  cloth  boards,  xn. 
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.     LATIN. 

19.  Latin  Grammar.    Contaixiing  the  Inflections  and  Elementary 

Principles  of  Translation  and  Construction.    By  the  Rev.  Thomas  Goodwin, 
M.A.,  Head  Master  of  the  Greenwich  Proprietary  School,    is. 

20.  Latin-English  Dictionary.    Compiled  from  the  best  Autho- 

rities.   By;the  Rev.  Thomas  Goodwin,  M.A.    2s. 
22.  English- Latin   Dictionary;   together  with  an  Appendix  of 

French  and  Italian  Words  which  have  their  origin  from  the  Latin.     By  the 
Rev.  Thomas  Goodwin,  M.A.    is.  6d. 

20,22.  Latin  Dictionary  (as  above).    Complete  in  One  Vol.,  3s.  6d. ; 
cloth  boards,  4s.  6d.    %•  Or  with  the  Grammar,  cloth  boards,  5s.  6d. 

LATIN  CLASSICS.    With  Explanatory  Notes  in  English. 

1.  Latin  Delectus.    Containing  Extracts  from  Classical  Authois, 

with  Genealogical  Vocabularies  and  Explanatory  Notes,  by  Henry  Young, 
lately  Second  Master  of  the  Royal  Grammar  School,  Guildford,    is. 

2.  Caesaris  Commentarii  deBello  Gallico.  Notes,  and  a  Geographical 

Register  for  the  Use  of  Schools,  by  H.  Young,    as. 

12.  Giceronis  Oratio  pro  Sexto  Roscio  Amerino.    Edited*  with  an 

Introduction,  Analysis,  and  Notes  Explanatory  and  Critical,  by  the  Rev. 
James  Davies,  M.A.    xs. 
14.  Giceronis  Cato  Major,  Lselius,  Brutus,  sive  de  Senectute,  de  Ami- 
citia,  de  Claris  Oratoribus  Dialogi.    With  Notes  by  W.  Brownrigg  Smith, 
M.A.,  F.R.G.S.    2s. 

3.  Cornelius  Nepos.     With  Notes.     Intended  for  the  Use  or 

Schools.    By  H.  Young,    is. 
■6.  Horace ;   Odes,  Epode,  and  'Carmen  Saeculare.     Notes  by  H. 
Young,    is.  6d. 

7.  Horace ;  Satires,  Epistles,  and  Ars  Poetica.  Notes  byW.  Brown- 

rigg Smith,  MA.,  F.R.G.S.    is.  6d. 

21.  Juvenalis  Satirge.    With  Prolegomena  and  Notes  by  T.  H.  S. 

EscoTT,  B.A.,  Lecturer  on  Logic  at  King's  College,  London,    xs.  6d. 

iQ.  Livy :  History  of  Rome.  Notes  by  H.  Young  and  W.  B.  Smith, 

M.A.    Part  z.    Books  i.,  ii.,  zs.  6d. 

«6*.  —  Part  2.    Books  iii.,  iv.,  v.,  is.  6d. 

17. Part  3     Books  xxi.,  xxii.,  is.  6d. 

8.  Sallustii  Crispi  Catalina  et  Bellum  Jugurthinum.    Notes  Critical 

and  Explanatory,  by  W.  M.  Donne,  B.A.,  Trinity  College,  Cambridge, 
xs.  6d. 

10.  Terentii  Adelphi  Hecyra,  Phormio.    Edited,  with  Notes,  Critical 

and  Explanatory,  by  the  Rev.  Jambs  Davibs,  M.A.    2s. 

9.  Terentii  Andria  et  Heautontimorumenos.    With  Notes,  Critical 

and  Explanatory,  by  the  Rev.  Jambs  Davies,  M.A.    zs.  6d. 

1 1.  Terentii  Eunuchus,  Comoedia.    Edited,  with  Notes,  by  the  Rev. 

James  Davies,  M.A.     is.  6d.    Or  the  Adelphi,  Andria,  and  Eunuchus, 
3  yols.  in  z,  cloth  boards,  6s. 

4.  Virgilii  Maronis  Bncolica  et  Georgica.  With  Notes  on  the  Buco- 

lics by  W.  RusHTON,  M.A.,  and  on  the  Georgics  by  H.  Young,    is.  6d. 

5.  Virgilii  Maronis  JEneis,    Notes,  Critical  and  Explanatory,  by  H. 

Young.    2s. 

19.  Latin  Verse  Selections,  from  Catullus,  Tibulliis,  Propertius, 

and  Ovid.  Notes  by  W.  B.  Donne,  M.A.,  Trinity  College,  Cambridge.    2s. 

20.  Latin  Prose   Selections,  from  Varro,  Columella,  Vitruvins, 

Seneca,  Quintilian,  Florus,  Velleius  Paterculus,  Valeria  Maximus  Sueto- 
nius, Apuleius,  &c.    Notfes  by  W.  B.  Donne,  M.A.    28. 

7,    STATIONERS'  HALL  COURT,  LUDGATB  HILL,    B.C. 

Digitized  by  VjOOQ IC 


i6         weale's  educational  and  classical  series. 

GREEK. 
14.  Greek  Grammar,  in  accordance  with  the  Principles  and  Philo- 
logical Reiearcbes  of  the  most  eminent  Scholars  of  our  own  day.    By  Hans 
Clauds  Hamilton,    is.  6d. 

15,1 7-  Greek  Lexicon.  Containing  all  the  Words  in  General  Use,  with 
their  Significations,  Inflections,  and  Donbtfnl  Quantities.  By  Henry  R. 
Hamilton.  Vol.  i.  Greek-English,  2s. ;  Vol.  2.  English-Greek,  2s.  Or  the 
Two  Vols,  in  One,  4s. :  cloth  boards,  5s. 

14,15.  Greek  Lexicon  (as  above).    Complete,  with  the  Grammas,  in 

17.  One  Vol.,  cloth  boards,  6s. 

GREEK  CLASSICS.    Vnth  Explanatory  Notes  in  English. 
I.  Greek  Delectus.    Containing  Extracts  from  Classical  Authors, 
wiA  Genealogical  Vocabularies  and  Explanatory  Notes,  by  H.  Young.  New 
Edition,  with  an  improved  and  enlarged  Supplementary  Vocabulary,  by  John 
Hutchison,  M.A.,  of  the  High  School,  Glasgow,    is. 

30.  w£schylus :  Prometheus  Vinctus  :  The  Prometheus  Bound.  From 
the  Text  of  Dindorf.  Edited,  with  English  Notes,  Critical  and  Explanatory, 
by  the  Rev.  James  Davibs,  M.A.    is. 

32,  -tflschylus :  Septem  Contra  Thebes :  The  Seven  against  Theb*^. 
From  the  Text  of  Dindorf.  Edited,  with  English  Notes,  Critical  and  Ex- 
planatory, by  the  Rev,  Jambs  Davibs,  M  J^.    is. 

40.  Aristophanes :   Achamians.    Chiefly  from  the  Text  of  C.  H. 

Wbisb.    With  Notes,  by  C.  S.  T.  TowNSHBro),  M.A.    is.  6d. 
26.  Euripides:  Alcestis.    Chieily  fit>m  the  Text  of  Dindorf.  With 

Notes,  Critical  and  Explanatory,  by  John  Milner,  B  A.    is. 

23.  Euripides :  Hecuba  and  Medea.    Chiefly  from  the  Text  of  Din- 
dorf.   With  Notes,  Critical  and  Explanatory,  by  W.  Brownrigg  Smith, 
M.A.,  F.R.G.S.    is.6d. 
14-17.  Herodotus,  The  History  of,  chiefly  after  the  Text  of  Gaisford. 

With  Preliminary  Observations  and  Appendices,  and  Notes,  Critical   and 
Explanatory,  by  T.  H.  L.  Lbary.  MA.,  D.C.L. 

Part  I.    Books  i.,  ii.  (The  Clio  and  Entente),  2s. 
Part  2.    Books  iii.,  iv.  ^The  Thalia  and  Melpomene),  2s. 
Part  3.    Books  v.-vii.  (The  Terpsichore,  Erato,  and  Poljrmnia),  2s. 
Part  4.    Books  viii.,  ix.  (The  Urania  and  Calliope)  and  Index,  is.  6d.* 
5-12.  Homer,  The  Works  of.    According  to  the  Text  of  Baeumlein. 
With  Notes,  Critical  and  Explanatory,    drawn  from  the  best  and  latest 
Authorities,  with  Preliminary  Observations  and  Appendices,  by  T.  H,  L.. 
Lbary,  M.A.,  D.C.L. 
Thb  Iliad  :         Part  i.  Books  i.  to  \H.j  is.6d.        Part  3.  Books  xiii.  to  x^'iii.,  is.  6d, 
Part  2.  Booksvii.toxii.,  is.6d.       Bart  4.  Books  xtx.  to  xxiv.,  is;  6d. 
The  Odyssby  :    Part  r.  Books  i.  to  vi.,  is.  6d.       Part  3.  Books  xiii.  to  xviii.,  is.  6d. 
Part  2.  Booksvii.toxii.,  IS. 6d.      Part  4.  Books  xix.  to  xxiv.,   and 
Hymns,  2s. 
4.  X4ucian's  Select  Dialogues.    The  Text  carefully  revised,  with 

Grammatical  and  Explanatory  Notes,  by  H.  Young,    is. 

13.  Plato's  Dialogues :   The  Apology  of  Socrates,  the  Crito,  and 

the  Phasdo.    From  the  Text  of  C.  F.  Hbrmann.    Edited  with  Notes,  Critical 
and  Explanatory,  by  the  Rev.  James  Davies,  M.A.    2s. 

18.  Sophocles :  CEdipuslTyrannus.    Notes  by  H.  Young,     is. 

20.  Sophocles:   Antigone.    From  the  Text  of  Dindorf.     Notes, 

Critical  and  Explanatory,  by  the  Rev.  John  Milner,  B.A.    2s.: 

41.  Thucydides :  History  of  the  Peloponnesian  War.    Notes  by  H. 

Young.    Book  i.    is. 
2,3.  Xenophon's  Anabasis;  or,  The  Retreat  of  the  Ten  Thousand. 

Notes  and  a  Geographical  Register,  by  H.  Young-    Part  i.  Books  i.  to  iii., 
is.    Part  2.  Books  iv.  to  vii.,  is. 

42.  Xenophon's  Panegyric  on  Agesilaus.  Notes  and  Intro- 
duction by  Ll.  F.  W.  Jkwitt.    is.  6d. 
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